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ABSTRACT 
Aerosol effects are one of the major uncertainties in assessing global climate 
change, ecosystem processes and human health. This is because  they critically change 
the balance between the radiation entering and leaving the atmosphere, as well as 
influencing cloud formation and having direct effects on biological systems e.g. 
through the respiratory system. It is the direct radiative effects of aerosol that are the 
focus of this work. The Aerosol Optical Depth (AOD) is a measure of the extinction of 
radiation by aerosol throughout the depth of the atmosphere. It is wavelength dependent 
and is traditionally measured at a number of visible wavelengths, but there is little 
AOD data available at UV wavelengths especially in the UVB. The Brewer 
spectrophotometer makes direct sun measurements in the UV spectral range, which can 
in principle be used to calculate AOD at those wavelengths using a form of Beer’s law. 
This work explores the capabilities of the Brewer for UV AOD measurements and 
applies the results to data from the Tropics and temperate mid-latitudes.  
Instrument specific weighting functions were tested for their ability to improve 
the AOD retrieval, but while they changed the partitioning of absorption between ozone 
and SO2, they had negligible effect on the resulting AOD.  After correcting the existing 
Brewer software for AOD retrieval, data from Manchester UK were compared with 
independent measurements of AOD, and measurements from the Manchester 
instrument were also evaluated against a standard Brewer on location in Spain. The 
inter Brewer comparisons were consistent with differences of the order 6-10%, while 
comparison with independent methods was qualitatively consistent, but absolute 
differences were of the order 10-30%. This might partially be attributed to wavelength 
mismatches between the different methods, and assumptions in the various methods of 
calculating the AOD. 
Following the validation exercise the AOD was retrieved from Brewer 
instruments, using standard weighting functions, in Manchester from 2000- 2008 and  
Reading from 2003-2008. Based on this work in the UK, the method was then applied 
to data from Malaysia (1998-2007), where the climate is totally different to that of the 
UK. The AOD data obtained from the UK and from the Tropics have been compared. 
Kuala Lumpur, Malaysia gave the highest average AOD values probably due to it being 
a developing city with high pollution levels indicating a human impact on climate 
change.  
Brewer AOD measurements obtained at a narrow range of wavelengths were 
then used to calculate Angstrom parameters ( )βα,  by applying Volz Method. The 
results, often generating a negative alpha, were deemed unreliable at the UK sites.  This 
was largely attributed to the high solar zenith angle and low signal to noise of the direct 
sun measurement, exacerbated by a limited number of clear sky measurements 
available for the work. However, calculation of Angstrom parameters was more 
successful in Malaysia due to a low solar zenith angle, high intensity, and greater 
frequency of truly could free sky. Results indicated that aerosol particles in the capital 
Kuala Lumpur show a clear domination by fine mode. This domination is probably 
caused by urban pollution, mainly from road traffic, industrial and anthropogenic 
activities, which is consistent with a large capital city undergoing rapid development. 
Thus the capabilities and limitations of the Brewer spectrophotometer to 
provide both AOD data at UV wavelengths, and from those further aerosol properties, 
has been tested and demonstrated in two contrasting climatic regions. Air mass, 
limiting the UV signal, and stray-light within the instrument are two of the factors that 
limit the success of the Brewer for these measurements, which proved more reliable 
when the sun was high in the sky as in the Tropics. 
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1 Introduction 
An aerosol is defined as “a system consisting of gas with solid or liquid particles 
suspended therein” [Horvath, 2000]. It may be composed of individual particles 
which can be solid, liquid or a mixture of both and produced by a myriad of natural 
processes and human activity (anthropogenic). The major natural components are 
soil, dust, sea salt, natural sulphates, and volcanic aerosols, whilst anthropogenic 
aerosols are largely due to fossil fuel and biomass burning. Although natural 
aerosols form the majority of aerosols, (89% in total, 81% of column mass and 52% 
of optical depth) [Andreae, 1995], human activity has been by far the greatest 
influence of change over the last 50 years, largely due to the release of black carbon 
aerosols from biomass and fossil fuel burning [IPCC, 2001a]. Recent aerosol studies 
have concluded that aerosols cause the majority of uncertainty in climate prediction 
[Chin et al., 2009; Sokolik and Toon, 1996] as there are no effective loading controls 
particularly for natural aerosols [Satheesh and Krishna Moorthy, 2005]. 
Furthermore,  they change the composition of the atmosphere, influencing 
temperature, precipitation, storms and sea level [IPCC, 2007].   
 
In primary production, the primary aerosols are emitted directly into the atmosphere 
through the effect of wind lifting dust particles in arid regions, combustion during 
biomass burning, sea spray, and from both natural and farmed vegetation. In 
secondary production, the secondary aerosols are formed in the atmosphere from 
gaseous processes through phase changes, adsorption onto pre-existing particles, 
chemical reactions with other particle producing gases, and absorption into water 
droplets [IPCC, 2001a]. The processes of loading include burning of biomass and 
fossil fuels, geothermal emissions (oceanic, lakes, rivers, soils, vegetation and 
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construction materials), and other synthetic products, for example; exhaust 
emissions (jet contrails, automobiles and shipping) [IPCC, 2001a]. Surveys such as 
that conducted by Herman et al [1996] have shown that the main aerosol sources are 
Central South America (Brazil) near 10°S, Africa near 0° to 20°S and 0° to 10°N, 
the Saharan Desert and sub-Saharan region (Sahel), Arabian Peninsula, the northern 
border region of India, Indonesia, eastern and north-eastern China, Indochina, and 
near the mouth of the Amazon River.  
 
Aerosols appear in a variety of sizes in nature with the size range between a few 
nanometres to fractions of a millimetre. Atmospheric aerosols can be divided into 
three main size ranges: coarse (>1µm), fine particle (0.01- 1µm), and ultrafine 
modes (<0.01 mµ ). The fine particle mode is subdivided into the nucleation mode, 
or Aitken particles (0.01-0.1µm), and the accumulation mode, or large particles (0.1-
1µm) [Clarke et al., 1987]. Aerosols can be removed from the atmosphere by two 
types of deposition; firstly, dry deposition, which refers to gravitational settling of 
large particles; impaction of intermediate size particles and diffusion and attachment 
of small particles. Secondly, wet deposition is the action of precipitation including: 
precipitation scavenging, in-cloud scavenging and snow scavenging. The dry 
deposition has a significant effect near the source of the emission whilst the wet 
deposition is more important (about 10 times greater than dry deposition) during  
transport across the Ocean [Kondratyev et al., 2006 ; Loosmore and Cederwall, 
2004].  
 
Aerosols cause a variety of important effects on the environment, including the 
global climate, ecosystem processes, and human health as they critically change the 
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balance between the radiation entering and leaving the atmosphere, a process known 
as aerosol radiative forcing. The forcing can be both direct as a result of absorption 
and scattering processes or indirect as aerosols act as cloud condensation nuclei and 
change the microphysics of clouds. The direct forcing is an important parameter that 
illustrates the relative scattering and absorption by aerosol particles and can be 
expressed in terms of the single scattering albedo, which is the ratio of scattering to 
total light extinction [Ramanathan et al., 2001] with values between 0 and 1. The 
indirect forcing, can be subdivided into two effects: the first, an increase in aerosol 
amount causes an increase in cloud droplet concentration and a decrease in droplet 
size within a cloud of fixed water amount whilst the second, the general reduction in 
cloud droplet size, affects the precipitation efficiency, tending to an increase in the 
liquid water content, the cloud lifetime, and the cloud thickness [Coakley, 2005; 
IPCC, 2001a].  
 
The direct and indirect forcing can be both positive, which increases the incoming 
energy and tends to warm the system, and negative where the increasing outgoing 
energy tends to have the opposite effect and cools the system. Whether a positive or 
negative forcing occurs will depend on the aerosol species, for example the forcing 
corresponding to organic and black carbons from fossil fuels burning is usually 
positive, because of the high black carbon ratio which absorbs energy, whilst the 
forcing corresponding to the sulphate aerosols, organic and black carbons from 
biomass burning is normally negative [IPCC, 2001a]. Nonetheless, the forcing due 
to organic and black carbons from biomass burning can be positive in areas where 
there is an occurrence of very high surface temperature, which increases the 
absorption cross-section at long wavelengths, such as in the Sahara desert [IPCC, 
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2001a]. The highest loading of sulphate aerosols occurs overland in the Northern 
Hemisphere, whilst the organic and black carbons from biomass burning occur 
primarily in both southern Asia, America, and Africa, [IPCC, 2001a]. The direct 
forcing has been shown to have a significant effect on the global radiation at the 
earth’s surface [Sokolik and Toon, 1996]. This forcing in tropical regions by 
anthropogenic aerosols that include sulphates, nitrates, organics, soot and fly ash 
was much higher at the Earth’s surface (-4.4+0.3W/m2) compared to only -
1.9+0.3W/m2 at the top of the atmosphere [Bellouin et al., 2005; IPCC, 2001a]. The 
indirect forcing of anthropogenic aerosols at the Earth’s surface can be both positive 
(+1W/m2) and negative (-2.1W/m2) due to enhancement of cloud absorption and  
reflectivity, respectively [Rotstayn, 1999]. This forcing predominantly occurs over 
the land such as Europe, the East coast of North America and Southeast Asia 
depending on the combination of anthropogenic aerosols [IPCC, 2001a]. 
 
The high amount of negative forcing at the top of the atmosphere and Earth’s 
surface is a significant cause of increased amounts of reflected sunlight [Bellouin et 
al., 2005]. Surveys such as that conducted by Stanhill and Moreshet [1992] have 
shown sunlight reaching the surface falling by 10% over the USA,  nearly 30% in 
parts of the former Soviet Union and 16% in the British Isles with an overall decline 
amounting to 1-2% globally per decade between 1950 and 1990. The phenomenon 
is called Global dimming, which is a gradual drop in the amount of solar radiation 
entering the Earth’s surface, which in turn results in a cooling effect [Stanhill and 
Cohen, 2001]. This has likely offset some of the expected greenhouse warming in 
the past decades. Present studies show that this aerosol associated cooling is 
expected to decline relative to greenhouse gas forcing as aerosols have a much 
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shorter lifetime in the atmosphere, resulting in cleaner and improved air quality as 
technology becomes cleaner [Andreae et al., 2005]. In addition, the radiative 
forcings of sulphate aerosols are proportional to sulphur dioxide emission [Andreae 
et al., 2005] which appears to have decreased between 1850 and 2000 [IPCC, 
2001b]. Because of imperfect understanding of atmospheric aerosols, the scale and 
uncertainty of aerosol radiative forcing maybe larger than that retrieved by models 
[Anderson et al., 2003]. Furthermore, recent global estimates of aerosol direct 
radiative forcing from satellite measurements have shown that continuous loading of 
anthropogenic aerosols may lead to significant warming which is also outside the 
scope of the current radiative model prediction [Bellouin et al., 2005].   
  
The theory which is used to describe the direct forcing due to the scattering of light 
by small particles in the 0.1-1.0µm size range is called Mie theory. It is an analytical 
solution of Maxwell's equations for light scattering by spherical particles in a 
homogeneous medium. This scattering produces an antenna lobe type pattern with a 
sharper and more intense forward lobe for larger particles. For particle sizes smaller 
than 0.1 µm, on the other hand the appropriate process is Rayleigh scattering, which 
is the elastic scattering of light or other electromagnetic radiation, by particles much 
smaller than its wavelength. This scattering can occur when light travels in 
transparent solids and liquids, but is most prominently seen in gases [Seinfeld and 
Pandis, 1998]. The pattern of Rayleigh scattered radiation is symmetrical in the 
forwards and backwards directions and more or less independent of particle shape 
[Seinfeld and Pandis, 1998].  
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A quantitative measure of the extinction of solar radiation in a vertical column by 
aerosol scattering and absorption is the aerosol optical depth (AOD) [Schmid et al., 
1997]. It typically decreases with increasing wavelength, and is much smaller for 
long wave radiation than for short wave [Janjai et al., 2003]. However, at short 
wavelengths in the UV the wavelength-dependent change is less clear [Cachorro et 
al., 1989; Jacovides et al., 2000; Kirchhoff et al., 2002; Marenco et al., 1997; Silva 
and Kirchhoff, 2004a]. The wavelength dependence of the AOD varies depending 
on the aerosol type and its physical and chemical characteristics. It is described 
(Equation 1.1) by the wavelength exponent ( α ) [Eck et al., 1999], which is closely 
correlated to the size distribution of the scattering aerosol particles according to the 
atmospheric turbidity coefficients.  
 
α−βλ=τ      (1.1) 
 
where τ  is the AOD;β  is the optical depth at m1µ=λ (Angstrom’s turbidity); λ  is 
the wavelength, and α  is called the wavelength exponent. 
 
Currently, there are four parameters describing the atmospheric turbidity: the Linke 
turbidity, LT , the Unsworth-Monteith turbidity, UT , the Schuepp coefficients, B , and 
the Angstrom turbidity parameters, βα, , [Kambezidis et al., 2001].  The Linke 
factor [1922] applies to the attenuation of extraterrestrial radiation by a dry 
atmosphere and puts more emphasis on an atmosphere without water vapour. The 
Unsworth-Monteith coefficient [1972; 1973] describes the absorption of  solar 
radiation by a dust with specified water vapour content. Lastly, the Angstrom and 
Schuepp coefficients [Angstrom, 1929; Schüepp, 1949] both have a spectral 
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definition which corresponds to the AOD at 1 mµ (algorithm uses the base e) and 0.5 
mµ (algorithm uses the base 10), respectively, and for this reason are true turbidity 
coefficients affected by aerosol total burden only [Gueymard and Kambezidis, 1997; 
Kambezidis et al., 1992]. For this reason, these α  and β  coefficients are the 
preferred technique used for aerosol climatology studies [Cachorro et al., 1987; 
Cachorro et al., 2001; Gueymard, 1998; Janjai et al., 2003; Kambezidis et al., 2001; 
Kaskaoutis and Kambezidis, 2006; Kaskaoutis et al., 2006; Kaskaoutis and 
Kambezidis, 2008; Pedrós et al., 1999; Smirnov et al., 2002; Volz, 1974]. Although 
to date most aerosol optical depth research has focused on the visible (400-700nm) 
and infrared (700-1000nm), this work will explore the UV part of the spectrum. 
Previous research in this field has looked at wavelengths in excess of 340nm, but 
shorter wavelengths have usually produced unreliable values of α  and β , largely 
due to the difficulties of direct sun measurement in this part of the spectrum 
[Gröbner et al., 2001; Martínez-Lozano et al., 2002] or to poorly maintained, 
calibrated or inadequate instrumentation [Cachorro et al., 1987; Kaskaoutis et al., 
2006]. The parameters α  and β  can be determined from measurements at several 
wavelengths or by using a single wavelength Volz instrument by assuming 3.1=α . 
At the present time, most climate studies use values of α  in the range of 1.3 ± 0.5 
for most natural atmospheric conditions. As the parameters α  and β  represented 
important features of atmospheric aerosols, or cleanliness, retrieval of the 
parameters α  and β  is important for describing aerosol climatology and also as 
input to retrieval algorithms for data from other techniques (e.g. ozone from Lidar).  
 
The first part of this study will be dedicated to investigating the AOD by using the 
direct-sun measurement at five different wavelengths from Brewers #172 and #075 
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in Manchester and Reading respectively, with the standard method and an improved 
procedure (Chapter 2). Based on this work in the UK, the method was then applied 
to data from Malaysia, where the climate is totally different to that of the UK. The 
AOD data obtained from the UK and from the tropics have been compared. Further 
analysis of the resulting AOD led to retrieval of the Angstrom parameters by using 
the Volz method, developing a better understanding of AOD climatology in 
different climates.  
 
1.1 The Objective of this Study 
The aims of this study are: 
1. To investigate the Aerosol optical depth from Brewers #172 and #075 using 
standard and specific weighting functions at Manchester and Reading 
(United Kingdom).  
2. To determine the Angstrom parameters ( ),βα  from Brewers #172 and #075 
using standard weighting functions at Manchester and Reading. 
3. To compare Brewer AOD with Brewer reference #017, Brewer #185 and 
other independent instruments to validate the technique. 
4. To study UV aerosol climatology in different climates: Temperate mid 
latitude (the UK) and Tropics (Malaysia) using Brewer data from each 
country. 
 
1.2 The Outline of this Thesis 
The study in this thesis consists of seven chapters that are divided into several sub-
sections. These are outlined below: 
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Chapter 1: Background and Literature Review 
This chapter presents the background, aims of this study and literature review.  
 Chapter 2: Brewer spectrophotometer 
How the Brewer spectrometer works is described and standard Brewer algorithms 
used to determine ozone and sulphur dioxide in a vertical column are explained in 
detail.      
Chapter 3: Methodology for Brewer Aerosol Optical Depth 
The methodology for the AOD calculation is explained and unknown parameters 
which are required for this calculation are also determined.  
Chapter 4: Validation and Error Analysis 
Intercomparison of Brewer AOD with other AOD measurement is described and 
uncertainties in the data are determined.  
Chapter 5: Results and Discussions for Aerosol Optical Depth 
Results and discussions regarding AOD obtained from the UK sites (Manchester 
and Reading) and Malaysia are shown in this chapter.  
Chapter 6: Results and Discussions for Angstrom Parameters 
This chapter presents the Angstrom parameters retrieved from AOD measurements 
in Malaysia and discusses the limitation of this technique.  
Chapter 7: Conclusions and Recommendations 
Conclusions from this study are presented and recommendations are also provided 
for further study.  
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1.3 Aerosols: Theory and Background 
1.3.1 Sources of Aerosol 
There are two major sources of aerosol in the atmosphere; firstly, that naturally 
originating by windborne dust, sea spray, volcanoes, and secondly, anthropogenic 
activities e.g. combustion of fuels, agriculture. There are also natural biogenic 
emission e.g. from plants. Additionally, aerosols can be divided into primary and 
secondary aerosols.  Primary aerosol is emitted directly into the atmosphere, whilst 
secondary aerosol is formed in the atmosphere through the gas to particles 
conversion processes. The diameter of primary aerosol particles is much larger; 
however, their capacity for reflecting solar radiation is observed to be much lower 
than those of secondary aerosol. Primary aerosol tends to be non-spherical in shape 
as it is formed by large particles. Therefore, its cooling effect is fairly minor 
compared to its warming effect. Secondary aerosol particles, on the other hand tend 
to be spherical in shape and smaller in size, contributing to highly reflective 
properties and resulting in a clear cooling effect. Sources of aerosol and terminology 
relating to atmospheric particles are listed in Tables 1.1 – 1.2.  
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Table 1.1: Global Emission Estimates for Major aerosol types in 1980s 
Reproduced from [Kiehl and Rodhe, 1995] 
 
It is apparent from the data in Table 1.1 that natural aerosol is the largest source of 
emissions, mainly associated with coarse and fine mode for primary and secondary 
aerosol, respectively.   
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Table 1.2: Terminology Relating to Atmospheric Particles 
 
Reproduced from [Seinfeld and Pandis, 1998] 
 
1.3.2 Stratospheric Aerosol 
Stratospheric aerosol is consistent with a sulphuric acid concentration of about 60-
80%, at temperatures of -80 to -45 Co , respectively [Seinfeld and Pandis, 1998]. A 
major source of sulphuric acid in this layer is produced by the oxidation of the 
gaseous and aqueous phase of long-lived sulphur dioxide from combustion 
processes in the troposphere and the injection of volcanic emission. Recent 
eruptions of Agung in 1963, El Chichon in 1982, and Pinatubo in 1991 have 
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contributed significantly to the observed rise in aerosol levels in the lower and mid-
stratospheric regions. The Pinatubo eruption was the largest in the 20th century, 
adding the aerosol mass of 30 Tg in the stratosphere. Furthermore, previous studies 
have reported that the Pinatubo aerosols affected the characteristics of polar 
stratospheric clouds over Antarctica, both in the increased frequency of occurrence 
of clouds and in higher concentration of smaller particles [Brasseur and Granier, 
1992].  
 
 
 
Figure 1.1: Estimates of Stratospheric AOD at 0.55 mµ determined from satellite 
measurements in the aftermath of the volcanic eruptions in between 1960 and 2005. AOD 
over the Northern subtropics is shown in red colour, whilst AOD over the Sothern subtropics 
is shown in green colour [Sato et al., 1993]. 
 
What is interesting in Figure 1.1 is that the AOD values are reaching peaks during, 
and for some years following, the occurrence of a volcanic eruption [Sato et al., 
1993].  
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1.3.3 Tropospheric Aerosol  
The aerosols present in this layer originated mainly from anthropogenic activities 
and consist of sulphur, ammonium, nitrate, sodium, chloride, trace metals, 
carbonaceous material, crustal elements, and water. The carbonaceous fractions of 
aerosols consist of organic and inorganic elements. The organic elements (engine 
exhaust, wood smoke, tobacco smoke, coke oven emissions) are directly emitted 
from source atmospheric condensation of low volatility organic gases. Inorganic 
elements include black carbon and graphite carbon or soot, which are directly 
emitted into the atmosphere from combustion processes. The lifetime of 
anthropogenic aerosols is approximately one week [Colbeck, 2008]. This lifespan is 
sufficient for the aerosols to transport from the continent to the sea, or vice versa; 
however, its concentration decreases with time because of particle deposition [Mori 
et al., 2002]. Importantly, tropospheric aerosols mainly affect climate by scattering 
and absorption of incoming solar radiation resulting in a cooling effect at the Earth’s 
surface. In contrast, the tropospheric aerosols emitted through fossil fuel and 
biomass burning, particularly black sooty aerosols, result in the absorption of long 
wavelength radiation and thus have a warming effect (Figure 1.2). 
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Figure 1.2: Global average radiative forcing estimates and uncertainly ranges in 2005 for 
greenhouse gases, ozone, aerosols, and mechanisms [IPCC, 2007]. 
 
From the data in Figure 1.2, it is apparent that greenhouse gases have a positive 
radiative forcing, whilst aerosol can have a positive or negative radiative forcing. 
However, the aerosol negative forcing has significant effects as its net result is a 
cooling effect. It is interesting to note that uncertainty in aerosol is the greatest 
source of uncertainty in radiative forcing. 
 
1.3.4 Atmospheric Aerosol Size Ranges 
Aerosols are typically divided into different classes depending on their shape, 
composition and size, of which the latter can be classified into three main size 
regions as coarse, fine, and ultrafine mode aerosol particles, each given a diameter, 
assuming a spherical shape. The fine mode is subdivided into the nucleation mode, 
or Aitken particles, and the accumulation mode, or Large particles [Clarke et al., 
1987; Patterson et al., 1980; Pilinis et al., 1995] (Figure 3). The size diameter 
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dividing these three modes is normally set between less than or equal to 0.01 and 
1 mµ .  
 
The coarse mode ( ≥ 1 mµ ) is composed of mineral dust, volcanic ash, and fly ash 
resulting from mechanical processes. The number concentration (number of 
particles per volume air) is the smallest [Seinfeld and Pandis, 1998], but the size is 
very important when considering the optical properties of the atmosphere. Its 
residence is relatively short lived caused by the higher sedimentation rates though 
dry deposition.   
 
The accumulation mode (0.1-1 mµ ) is generally produced by the coagulation of 
smaller particles and the heterogeneous condensation of gas vapour onto existing 
aerosol particles [White and Roberts, 1977]. Because of chemical compositions of 
oxidation products, the number concentrations in this mode are greater than that of 
the coarse mode and it tends to have a longer atmospheric lifetime. It has been 
shown that wet deposition significantly reduces number concentration in the 
accumulation mode and its atmospheric lifetime is normally about a week [Colbeck, 
2008; Halthore et al., 2008].  
 
The nucleation mode (0.01–0.1 mµ ) is produced by the condensation of 
supersaturated vapours from combustion sources and the coagulation of smaller 
particles [Seinfeld and Pandis, 1998]. These smaller aerosol particles are principally 
produced by gas-to-particle conversion (GPC), which occurs in the atmosphere. 
Most particles in this mode are comprised of sulphuric compounds resulting from 
the oxidation of sulphur containing precursor gases such as SO2, H2S, CS2, COS, 
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CH3SCH3 and CH3SSCH3 to sulphate (SO42-). Primary combustion such as vehicle 
exhaust sources dominates the growth and coagulation of these aerosol particles. 
Although the number concentration of aerosols is high, overall total aerosol mass 
becomes negligible compared to other modes. Additionally, they are subject to 
Brownian motion as a higher rate of particle collision and coagulation increases the 
size of individual particles and removes them from this mode. 
 
The Ultrafine mode ( ≤ 0.01 mµ ) is formed through nucleation processes from gas 
phase species such as sulphuric acid with small mass, but significant number 
concentration. It acts as the seed for larger particles, quickly growing through gas to 
particles conversion or coagulation and has a shorter lifetime compared to other 
modes. Consequently, this mode can be found close to its sources only [Allan, 2004; 
Seinfeld and Pandis, 1998].  
 
 
 
Figure 1.3: A representation of the different classes and types of particles commonly 
observed in ambient aerosol [Allan, 2004]. 
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1.3.5 Deposition 
Deposition is a mechanism for the removal of aerosols from the atmosphere into 
surface, and can be divided into two sub-processes: dry and wet depositions, which 
are described below. 
 
1.3.5.1 Dry deposition 
This is the process that removes aerosols from the atmosphere onto the surface, 
without precipitation. This is defined by three factors; the level of atmospheric 
turbulence, the chemical property of the depositing species depending on size, shape 
and density and the nature of the surface, for example, vegetation, water, and urban.  
 
Deposition rate is usually expressed in terms of dry deposition velocity, which is the 
ratio of the flux ( )F  to the concentration ( )C  given by: 
 
    ( ) ( )zC
F
zd =υ      (1.2) 
 
where C  is the concentration as a function of height ( )z  and dυ  is the dry 
deposition velocity as a function of height ( )z , and is measured in units of length per 
unit time. 
 
This deposition is caused by the physical processes of sedimentation through 
gravity, Brownian diffusion, impaction through inertial forces and interception 
diffusion, of which the last two are termed aerodynamic deposition. The deposition 
process is normally described by three steps:  
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1. Aerodynamic transport down through the atmospheric surface layer to a 
very thin layer of stagnant air, occurring by turbulent diffusion. 
2. Brownian transport across a thin stagnant layer of air, called the quasi-
laminar sublayer, to the deposition surface, occurring through diffusion 
and sedimentation of large particles. Its surface thickness is typically in 
the order of millimetres.  
3. Uptake of the surface particles depends on the amount of moisture on the 
surface and its stickiness. 
The transport of particles to the surface is assumed to be governed by three 
resistances, which are the aerodynamic resistance ( )ar , the quasi-laminar resistance 
( )br  and the surface or canopy resistance ( )cr  as shown in Figure 1.4. 
 
  
 
Figure 1.4: the dry deposition process in the atmosphere. 
 
Therefore, the deposition velocity ( )dυ is the inverse of the summation of the three 
individual resistances defined as: 
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cba
d
rrr
1
++
=υ    (1.3) 
 
The aerodynamic resistance is due to the turbulence intensity, which depends on low 
atmospheric stability and surface roughness such as wind speed, temperature and 
radiation, and length. The quasi-laminar resistance causes the Brownian motion 
depending on particle size, which is low for the very smallest particles and highest 
for particles in size range 0.1 to 1 mµ . The surface or canopy resistance is greatly 
influenced by surface properties from the chemical reactions with its surface or 
perturbation of the quasi-laminar layer.  
 
 
 
Figure 1.5: Particle dry deposition velocities in a wide rang of particle sizes as a function of 
particle radius from Slinn and Slinn model. 
 
As illustrated in Figure 1.5, it is apparent that the deposition velocity is minimal in 
the size range 0.1 and 1.0 mµ and only marginally greater in the particle size range 
of 1 to 100 mµ and 0.001 to 0.1µ m. It is noted that it sharply decreases in particle 
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size below 1 mµ as it has difficulty in crossing the viscous sublayer whilst increasing 
above 10 mµ due to the sedimentation of gravity. 
 
(Seinfeld [1998], p112-130; Twomey, S [1977], p149-153, Pryor [1999], 
Smith[1993]) 
 
1.3.5.2 Wet Deposition 
This is the process of removal of aerosols from the atmosphere to the Earth’s 
surface by atmospheric hydrometeors such as cloud, fog drop, rain, and snow. It is 
one of the most complex atmospheric processes as it involves a number of physical 
phases and is influenced by phenomena on a variety of physical scales. There are 
three processes describing them:  
1. Precipitation scavenging is caused by raining clouds, known as below-
cloud scavenging.   
2. In-cloud scavenging is due to droplet collision within clouds such as 
fog or interception with the terrain at the top of a mountain. 
3. Snow scavenging is due to a snowstorm. 
 
In general, all of these three processes above are reversible and normally described 
by the following three steps; firstly, brought into the presence of condensed water. 
Secondly, scavenged by the hydrometeors and thirdly, delivered to the Earth’s 
surface. 
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Parameters used in wet deposition studies investigate relationships by considering 
airborne species concentration, meteorological conditions, and wet deposition rates 
by lumping. The rate transfer of a soluble particle into rain droplets is defined by: 
 
part,iip
i
rain,aerosol CW Λ=     (1.4) 
 
Where  ipΛ  is the scavenging coefficient, a function of location, time, rainstorm 
characteristics, and aerosol size distribution part,iC  is the concentration of a species 
in a horizontal homogeneous wash out by rain. 
 
Raindrops collect and fall though air, colliding with aerosol particles. The number 
of sweeps per unit time in the volume of a cylinder is equal to 4/UD t
2
ppi , where tU  
is rain fall velocity; pD is droplet diameter; pd is aerosol particle diameter. 
Therefore the scavenging coefficient  ipΛ  is given by: 
 
( ) ( ) ( ) ( ) pppPpt2p0 dDDNd,DEDUD4dp ∫
∞ pi
=Λ    (1.5) 
 
where ( )pDN  is the rain drop number distribution and ( )pp d,DE  is the fraction of 
particles of diameter pd contained within the collision volume of a drop of diameter 
pD , which is  called the collision efficiency. It is used to measure the below-cloud 
scavenging by cloud droplet collisions, which depends on cloud droplet radius and 
aerosol particle radius. 
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Figure 1.6: Collision efficiency factor versus aerosol particles radius for two cloud droplet 
sizes by the Slinn and Slinn model. 
 
As shown in Figure 1.6, large particles above 2 mµ are collected with greater 
efficiency by inertial impaction, whilst smaller particles of radius below 
0.05 mµ attach themselves to water droplets by Brownian diffusion. Interestingly, 
particle size ranges in the interval of 0.1 to 2 mµ remain mostly un-effected by 
below-cloud scavenging and so it is only significant in the removal of particles in 
the coarse mode.  
 
(Seinfeld [1998], p112-130; Twomey, S [1977], p149-153; Slinn [1983]) 
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1.3.6 The Optical Properties of Aerosols 
The direct aerosol radiative effect is caused by the physical mechanisms associated 
with scattering and absorption processes, which play a role in affecting the optical 
properties of atmosphere [Kondratyev et al., 2006 ]. The scattering process depends 
on the number and size of aerosol particles, and indirectly through their action as 
cloud condensation nuclei and the formation of water droplets [Burroughs, 2007], 
whilst the absorption process is primarily due to black carbon content e.g. smoke 
particles. Both processes are governed by the wavelength being scattered, the size of 
the particle and the complex refractive index.   
 
 To analyse the scattering and absorption processes, an aerosol particle is considered 
to be a single sphere of a size and shape, small compared with the wavelength or 
molecular size of the incident radiation. The solar radiation scattering behaviour 
may be categorized in terms of two theories, known as Rayleigh scattering which 
describes small, spherical particles being dielectric (non-absorbing) and Mie 
scattering which is used to explain the general spherical scattering solution 
(absorbing or non-absorbing) without a particular boundary on particle size. 
Additionally, the latter has no size limitations and converges to the limit of 
geometric optics for large particles, so therefore this theory may be used to describe 
the scattering and absorption properties of aerosol particles.  
 
1.3.6.1 Mie Scattering by a Single Sphere 
This is the solution to Maxwell’s electromagnetic equation for a single 
homogeneous sphere irradiated by plane waves in a specific direction expressed as 
Mie scattering parameters (scattering and absorption efficiency factor, the 
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extinction, the asymmetry factor, and the single scattering albedo). It is explained in 
terms of the scattering amplitude matrix relating the electric field vector ( 1A , 2A ), 
which are perpendicular and parallel to the scattering plane respectively. 
 
( ) ( ) ( ) ( ) ( ) ( )( )ϕτ+ϕpi+
+
pi
λ
=ϕ ∑
∞
=
1111
0l
1 x,mbx,ma1ll
1l2
2
,x,mA  (1.6) 
 
( ) ( ) ( ) ( ) ( ) ( )( )ϕτ+ϕpi+
+
pi
λ
=ϕ ∑
∞
=
1111
0l
2 x,max,mb1ll
1l2
2
,x,mA  (1.7) 
 
where  l  is a positive integer, 1a  and 1b  are the Mie coefficients, m is the refractive 
index.  x is size parameter 





λ
pi
=
r2
x , ϕ  is scattering angle, 1pi and 1τ  are the only 
functions of the scattering angle and are expressed in the associated Legendre 
polynomials as; 
 
    ( )ϕ
ϕ
=pi cosP
sin
1 1
n1     (1.8) 
 
    ( )ϕ
ϕ
=τ cosP
d
d 1
n1     (1.9) 
 
When electromagnetic radiation is directed at a spherical surface, its energy is 
defined by the square of the norm of the electric field vector expressed in terms of 
complex components known as the scattered energy given by;  
 
Chapter 1______                                _                Background and literature Review                                                   
 45 
 
( )∗∗ + 22112
1 AAAA     (1.10) 
 
The scattering energy in a direction determined by a differential solid angle ( )ωd  is 
given by the cross section of the sphere, ( )ϕσ ,x,md , for unit incident flux ( )ωd  
which is expressed as 
 
( ) ( ) ω+=ϕσ ∗∗ d
2
1
,x,md 2211 AAAA    (1.11) 
 
The scattering cross section of the sphere can be found by integrating its energy 
over the solid angle defined as; 
 
  ( ) ( ) ( ) ω+=ϕσ=σ ∫∫ Ω ∗∗Ω d2
1
,x,mdx,m 2211sc AAAA   (1.12) 
 
In general, it is dimensionless and can be substituted for the scattering efficiency 
factor ( )scQ which is defined as the scattering energy removed from an incident 
wave; 
 
   ( ) ( )2scsc r
x,m
x,mQ
pi
σ
=      (1.13) 
 
Therefore, the total energy removed by the plane wave, known as the extinction 
efficiency factor, is equal to the scattered energy in the spherical wave plus the 
energy of absorption as: 
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    abscext QQQ +=     (1.14) 
 
The scattering and extinction efficiency factor of a single particle with radius r can 
be expressed in term of coefficients 1a and 1b : 
 
( ) ( )( )2121
1l
2sc ba1l2x
2
x,mQ ++= ∑
∞
=
  (1.15) 
 
( ) ( ) { }11
1l
2ext baRe1l2x
2
x,mQ ++= ∑
∞
=
  (1.16) 
 
when   
{ } { }
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
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where =ζ l 2l1l
x
1l2
−−
ζ−ζ




 −
, xcosixsin0 +=ζ ,  xsinixcos1 −=ζ −  
 
1
1ll
mx
l
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l −
−





 ξ−+−=ξ , and ( )( )mxsin
mxcos
0 =ξ . 
 
The third Mie scattering parameter is the single scattering albedo ( )0ω  which can be 
defined as the energy removed from the incident beam, scattered in all directions 
and as a function of the scattering and extinction efficiency parameter: 
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ext
sc
0 Q
Q
=ω      (1.17) 
 
The last Mie parameter is defined as the asymmetry factor ( )g  which is the average, 
or statistically expected values of the cosine of the scattering angle and its radiation 
given as; 
( ) ϕϕϕ=ϕ= ∫
−
cosdcos,x,mP
2
1
cosg
1
1
   (1.18) 
 
This parameter can be expressed as a function of the Mie coefficient: 
 
( ) { } ( ) { }∑
∞
=
∗∗
+
∗
+ 





+
+
++
+
+
=
1l
111l11ll
sc
2 baRe1ll
1l2bbaaRe
1l
1ll
Qx
4g   (1.19) 
 
g is in range +1 (the strongest scattering in a forward direction) to -1 (the opposite 
direction). In general, g=0 indicates scattering in symmetrical directions, which is 
isotropic, for example, from small particles. g<0 is predominately found in a 
backwards direction where the angle is more than o90  compared to g>0 seen mostly 
in a forwards direction where the angle is less than o90 . 
 
However, Mie parameters can also be described in terms of the size 
parameter )r2x(
λ
pi
= , the scattering angle ( )ϕ  and the refractive index outside the 
medium ( )m . The latter is used to describe the absorption and scattering, which can 
be expressed as:  
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    iknm −=      (1.20) 
  
The real part (n) is associated with scattering, which is 1.3 and 1.55 for airborne 
particles and water respectively, whilst the imaginary (k) is due to the absorption, 
which is equal to 0 for water and inorganic matter, and 0.5 for soot. Nonetheless, 
this parameter is more complex when there is a considerable mixture of different 
aerosol types.  
 
(Kokhanovsky, A. A [2007], p166-168; Twomey, S [1977], p208-209) 
 
1.3.6.2 Mie Scattering for Polydisperse Aerosols   
The Mie scattering for a single sphere of arbitrary size and shape was introduced in 
section 1.4.6.1. In this section it is extended to the polydisperse, which is described 
in detail. 
  
The Mie scattering for polydisperse aerosols is expressed as a single sphere 
containing a number of particles ( )drrn with radius between r and r + dr.  The 
scattering is integrated above the Earth’s surface under the assumption that one 
particle has no effect on other particles when the distance between two particles is 
more than twice their diameters [Van de Hulst, 1957]. At the height z, the scattering 
and extinction coefficients can be defined as:  
 
( ) ( ) ( )drz,rnrQrz
0 sc
2
sc ∫
∞
pi=κ      (1.21) 
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( ) ( ) ( )drz,rnrQrz
0 ext
2
ext ∫
∞
pi=κ     (1.22) 
 
where scκ   is irradiance removed from incident beam per unit distance by 
scattering per unit distance. 
extκ   is the irradiance removed per unit distance by scattering and 
absorption.  
 
 From equation (1.26) and (1.27), the integral at height z will produce the 
atmospheric columnar size distribution )drn( a or number of particles per unit 
surface area of atmospheric column with radius between r and r + dr. This integral is 
called the scattering optical depth and extinction optical depth (aerosol optical 
depth), which are given as: 
 
   
( ) ( ) ( )drrnrQrdzz a0 sc2
0
scsc ∫∫
∞
∞
pi=κ=τ    (1.23) 
 
( ) ( ) ( )drrnrQrdzz a0 ext2
0
extext ∫∫
∞
∞
pi=κ=τ    (1.24) 
 
where scτ   is the scattering optical depth 
extτ   is the aerosol optical depth (AOD) 
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Therefore, the AOD is defined as a dimensionless quantity that represents the ability 
of aerosols in a column the depth of the entire atmosphere to scatter or deplete 
radiation.   
 
1.3.7 Relationship between the Angstrom Parameters and Aerosol Size 
Distribution 
The Variation of the atmospheric AOD under the assumption of spherical particles 
according to Mie theory can be determined in terms of size distribution, as given by 
[Cachorro et al., 1993; Schmid et al., 1997]:   
     
( ) ( ) ( )drrm,/r2Qr a0 ext2a 1 ηλpipi=λτ ∫
∞
   (1.25) 
 
where  m  is  the complex refraction index of the aerosol particles.  
λ   is  the wavelength of the incident illumination,  
( )m,/r2Qext λpi  is the extinction efficiency from Mie theory 
( )rcη   is  the unknown columnar aerosol size distribution.  
 
The aerosol size distribution can be approximated by the Junge size distribution in 
the power’ law form [McCartney, 1978; Twomey, 1977] which follows: 
 
( ) ( )1a Crr +υ−=η     (1.26) 
 
where  υ  is called the Junge parameter and determines the slope of the 
radius distribution curve.  
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C  is the normalisation constant related to the particle    
concentration N by:   
    
( )drrCN 1
r
r
2
1
+υ−
∫=     (1.27) 
 
Substituting (1.26) into (1.24) and 
λ
pi
=
r2
x  leads to  
 
( ) ( ) drCrm,/r2Qr )1(
0 ext
2
a
1
+υ−∞
∫ λpipi=λτ   (1.28) 
 
  
( )
( ) ( )dxxm,xQ
2
C 1
0
ext
2
−υ−
∞−υ−
∫





pi
λ
pi=  (1.29) 
 
  
α−βλ=      (1.30) 
where β  is the Angstrom turbidity ( ) ( ) )dxxQ2C( 1
0
ext
2
−υ−
∞
−υ
∫pipi=β . 
  α  is the Angstrom wavelength exponent.  
 
According to Angstrom’s equation and equation (1.13), υand α  are related: 
 
2−υ=α     (1.31) 
 
The parameter υ  which is called the Junge parameter is generally between 2 and 6 
in the visible range. However, this parameter can be applied to all the wavelengths 
when the extinction coefficients show a linear performance. Therefore, at present 
this parameter is used for all wavelengths and turbidity conditions [Cachorro et al., 
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1993; Cachorro and De Frutos, 1995]. The Junge distribution is normally within a 
radius distribution of between 0.1 and 10 mµ which dominates optical properties due 
to extinction by the particle component in the atmosphere [Junge, 1963; Paltridge 
and Platt, 1976]. On the other hand, the α  coefficient which is a qualitative 
indicator of aerosol size is in the range of 0 to 4 [Van de Hulst, 1957]; 1 and 2 
[Tomasi et al., 1983]; 0 and  3 [McCartney, 1978]. Values of ≤α  1 indicate size 
distributions dominated by coarse mode aerosols (radii ≥ 0.5 mµ ) that are typically 
associated with dust and sea salt, whilst values of 2≥α indicate size distributions 
dominated by fine mode aerosols (radii ≤ 0.5 mµ ) that are usually associated with 
urban pollution and biomass burning [Angstrom, 1929; Eck et al., 1999]. However, 
the Junge distribution has a limitation at high turbidity which produces negative and 
zero values and at low turbidity when refraction indices have complex values 
[Cachorro et al., 1993]. 
 
1.3.8 Effect of Aerosol Particles on Solar Radiation  
When light travels into the atmosphere it is attenuated by components of the 
atmosphere due to absorption and scattering processes. The latter process removes 
energy from the incident radiation and is governed by its wavelength, the size of the 
particle and the complex refractive index [Seinfeld and Pandis, 1998]. The scattered 
incident radiation, some of which is scattered back into space, the remainder of 
which reaches the Earth’s surface, is known as diffuse radiation. Additionally, some 
radiation is also scattered off the earth's surface and then re-scattered by the 
atmosphere to the observer. This is also part of the diffuse radiation the observer 
sees. The radiation, coming from the direction of the sun on the other hand, is called 
direct normal irradiance (or beam irradiance) [Iqbal, 1983]. 
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Figure 1.7: Distribution of direct, diffuse, and absorbed solar radiation [Iqbal, 1983]. 
 
The attenuation of light though a medium (Figure 1.7) is described by Beer’s law 
which can be defined as: 
 
)mexp(EII 00nn τ−= λλ     (1.32) 
 
where   λnI    is irradiance at wavelength λ  at the earth’s atmosphere 
0
nI λ    is the extraterrestrial (top of the atmosphere) irradiance of the sun 
0E    is the eccentricity correction factor 
τ      is the extinction optical depth 
 
λnI
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Figure 1.8: Spectral transmittance of the various atmospheric constituents. Air mass = 1, 
ozone = 0.35cm (NTP), water vapour = 2cm, α  = 1.3, and β  = 0.1[LASP, 2009]. 
 
From the data in Figure 1.8, it is apparent that the infrared range (700-1000nm) is 
strongly absorbed by water, and partially scattered by aerosol particles and 
molecules (Rayleigh scattering). In the visible light (400-700nm), it is due to ozone 
absorption, Rayleigh scattering, and aerosol particles; the latter control attenuation 
of the direct beam. The UV, on the other hand, (280-400nm) is mainly due to the 
strong ozone absorption and a small amount of sulphur dioxide and nitrogen dioxide 
absorption. It is also partly due to Rayleigh and aerosol scattering, so therefore 
Beer’s law in the UV range can be rewritten as:  
 
))(mexp(EII
22 NOSOroa0n0n τ+τ+τ+τ+τ−= λλ   (1.33) 
 
where each τ  is the optical depth whose subscript identifies the source of the 
absorption or scattering it describes: a  is aerosols, 3O  is ozone, 2So is sulphur 
dioxide, r  is Rayleigh scattering. 
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Sulphur dioxide and nitrogen dioxide are often considered negligible; however, in 
this study account was taken of sulphur dioxide, allowing a more accurate 
determination of the AOD to be achieved.   
 
1.4 Measurement of Aerosol Optical Depth 
The general principle of AOD measurement is based on Beer’s law (Equation 1.33) 
and requires measurement of the direct beam solar radiation, and then a method of 
distinguishing the different extinction parameters, which become more or less 
important depending on wavelength e.g. ozone is most important at UVB 
wavelengths. The most common instrument for AOD measurements is the sun 
photometer. These instruments typically operate in the visible wavelength region, 
and do not address short wavelength UV. For example the Cimel sun photometer 
[AERONET, 2009] which is widely used in the AERONET network measures at the 
nominal wavelengths of 340, 380, 440, 500, 675, 936, 870, and 1020nm. Similarly, 
hand held devices like the Microtops II C [Porter et al., 2001] measure AOD at a 
number of individual wavelengths, using filters to determine the wavelength. Direct 
sun measurement was taken then Beer’s law applied. However the extraterrestrial 
constant are obtained by Langley Plot Method at the Mauna Loa Observatory. In 
principle, any instrument that can measure wavelength resolved direct beam 
radiation can be used to determine AOD. 
 
The Brewer spectrophotometer was designed for direct UV measurements to 
determine column ozone. Since it is measuring direct beam radiation, the Brewer 
can, in principle, determine the AOD from direct-sun measurements in the UV part 
of the spectrum by using Beer’s law [Cheymol and De Backer, 2003] and it is 
claimed by Abel et al. [2004a] to be capable of the highest-quality data for AOD. In 
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general, the AOD that is achieved from direct sun measurements within the UV 
range can be expressed by Beer’s law as Equation (1.34). Therefore the AOD can be 
represented: 
    
2so
roa τ−τ−τ−τ=τ     (1.34) 
 
1.4.1 Determination of AOD by Using the Brewer Spectrophotometer 
The work detailed below has shown that the Brewer can successfully be used to 
determine AOD.  
 
From 1984 to 2002 Cheymol and Backer [2003] took direct-sun and total ozone 
measurements from the Brewer #016 in Uccle, Belgium and then applied them to 
the Langley Plot Method (LPM) in order to determine the AOD. Validation of the 
AOD using the Brewer was achieved by a comparison with independent 
measurements obtained from the AERONET database. The AOD values show 
readings lower than 1.0 over the period 1984–2002, as a function of wavelength as 
shown in Figure 1.9. There were slight increases during spring and summer and a 
decreasing pattern in autumn and winter as shown in Figure 1.10. Consequently, in 
the annual cycle of the AOD the absolute values in the winter and autumn were 
lower than in spring and summer.  
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Figure 1.9: Seasonal means of the AOD’s at Uccle as a function of wavelength from 1984–
2002: spring (asterisks), summer (triangles), autumn (diamonds) and winter (crosses) 
[Cheymol and De Backer, 2003]. 
 
 
 
Figure 1.10: The Monthly variation in AOD (a) over the period 1984–2002 at Uccle for 
320.1nm and (b) over 1993–2001 at the GSFC for 340 nm [Cheymol and De Backer, 2003]. 
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Three years later this method was applied to determine the Brewer AOD and then 
validated by comparisons between the Brewer AOD and the CSEM SPM2000 
sunphotometer AOD. The results indicate that knowing the neutral density filter 
used in Brewer has yielded more accurate figures for the AOD, with increasing the 
correlation coefficient and the slop from 0.87 to 0.98 and 0.80 ± 0.011 to 0.85 ± 
0.004 respectively. Additionally, good agreement with linear correlation coefficient 
of 0.98 between the two instruments was found when the instruments were operated 
in the same location [Cheymol et al., 2006].  
 
Side by side intercomparisons of AOD obtained from the CSEM SPM2000 
sunphotometers, measured spectral irradiance simulraneously having a bandwidth of 
5 nm, and Brewer instruments at 320nm were taken at Uccle in Belgium (MKII 
#016), Toronto in Canada (MKII #008), Norrkoping in Sweden (MKIII #128) and 
El Aeronsillo in Spain (MKII #150). Further intercomparisons of AOD obtained 
from the CSEM SPM200 and Brewers at different sites were made at Seoul in 
Korea (MKIV #148), Hong Kong in China (MKIV #115), and Rome in Italy 
(MKIV#067). The relative coefficients between the two instruments were all above 
0.82 and especially high when the instruments were operated in the same location 
[Cheymol et al., 2008].  
 
Savastiouk and McElroy [2005] used Brewer #029 to collect ground-based total 
ozone, sulphur dioxide columns and direct-sun at five different wavelengths, 306.3, 
310.0, 313.5, 316.8 and 320.0nm during 1998. Beer’s law was applied to the direct 
sun for the AOD calculation and then compared with the satellite Earth Probe Total 
Ozone Mapping Spectrophotometer (EP TOMS) and Brewer #011 installed in 
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Saskatoon, Canada. The results concluded that there is a direct link between 
increased levels of sulphur dioxide, the AOD taken from the Brewers and the 
aerosol index from EP TOMS over the Middle Atmosphere Nitrogen Trend 
Assessment (MANTRA) site. 
 
Silva and Kirchhoff [2004a] took the measurements of direct solar radiation made 
by the Brewer and applied them to the LPM in order to obtain the AOD. During four 
weeks in 2002, two Brewer’s were set simultaneously side-by-side in the Ozone Lab 
Facilities at the Instituto Nacional de Pesquisas Espaciais (INPE) where it was 
observed that in several cases, the AOD increased with increasing wavelength an 
unexpected result (see chapter 6 for details), which raised suspicion about the effect 
of instrument characteristics on the results, e.g. stray light. To investigate the quality 
of the AOD measurement and the possibility of stray light, they evaluated 
measurements using single and double monochromators and concluded that both 
AOD measurements agreed, thereby proving that stray light is not an important 
factor affecting the AOD at wavelengths above 306nm. One year later, the AOD 
was determined under conditions of a cloudless sky with solar zenith angle (SZA) of 
less than o60  by using the Brewer at several sites within Brazil and La Paz, Bolivia. 
They showed large variations of AOD, 0.18+0.07 to 2.44+0.16 at 310.1nm,  for the 
biomass burning site with lower values of 0.00+0.12 to 0.41+0.05 in coastal regions 
[Silva and Kirchhoff, 2005]. 
 
Two double-monochromator UV spectrophotometers, a Brewer MKIII and a 
Bentham DTM 300, operated in Thessaloniki, Greece, were used to obtain the AOD 
which was then compared with independent measurements obtained from a multi-
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filter radiometer. The AOD values obtained from the Brewer were calculated from 
the absolutely calibrated direct spectral irradiance. A comparison of the Brewer 
MKIII and the Bentham DTM 300 gave a correlation coefficient of 0.968, whilst the 
Brewer and the multi-filter radiometer gave mean values of AOD of 0.48+0.29 and 
0.49+0.33. It was also noted that the AOD was seasonal with average values of 0.3 
in the winter and 0.6 in the summer. Importantly, the best results were achieved 
under conditions of clear skies with a zenith angle between 17 o and 72 o [Kazadzis et 
al., 2005].  
 
Grobner et al. [2001] used seven Brewers and one Li-cor spectrophotometer to 
obtain the AOD at the El Arenosillo-Huelva station of the Instituto Nacional de 
Tecnica Aeroespatial (INTA) in Spain between the 1st and the 10th September, 1999. 
All Brewer’s agreed to within an AOD of 0.03 during the whole measurement 
process. The results showed that the differences in the AOD between the any two 
instruments were between –0.07 and +0.02 at 313.5, 316.7 and 320.0nm, and 
occurred largely at lower wavelengths due to the high uncertainly in the direct 
measurement. A comparison with an independently calibrated Li-Cor 
spectrophotometer gave a good overall agreement of measurements differences 
being of order 0.025 at 306.7 and 320.0nm as shown in Figure 1.11. 
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Figure 1.11: The diurnal variation in AOD obtained from Brewer #017, #047, #117, #150, 
#157, (open symbols) and the Li-Cor spectrophotometer (o) on September 8th, 1999 
[Gröbner et al., 2001]. 
 
Three years later, Grobner and Meleti [2004] also determined AOD from absolutely 
direct sun made by Brewer between July 1991 and the end of 2002 in Ispra, Italy, 
comparing the results with the CIMEL Sun photometer operating within the Aerosol 
Network (AERONET) in the later years. The results showed that the AOD varied 
between 0.05 and 2.0 at 320nm, with the highest monthly mean values being around 
0.6 and usually found in spring and summer, compared with the lowest of around 
0.3 found in the winter months. The CIMEL data were measured at 340nm while the 
Brewer data were measured at 320nm. The correlation coefficient between the two 
data sets was 0.99 as shown in Figure 1.12. It was noted that the AOD at Ispra 
showed signs of a strong influence due to the Mount Pinatubo eruption in June 1991 
and the following decay to background levels in late 1997. 
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Figure 1.12: Scatter-plots of daily mean values of instantaneous CIMEL and Brewer AOD 
data between 2001 and 2002 [Gröbner and Meleti, 2004]. 
 
Meleti and Cappellani [2000] determined the AOD by using a Brewer and a CIMEL 
Sun photometer, operating in Ispra, Italy. The analysis of the data acquired during 1 
year includes a comparison of the spectral AOD measured with simultaneous 
measurements taken with a Brewer and the CIMEL Sun photometer. The 
similarities between the measurements of the AOD obtained from these two 
instruments, and the decrease in AOD with wavelength, demonstrated proper 
behaviour of the instruments and of the methodologies used to retrieve the data as 
shown in Figure 1.13. 
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Figure 1.13: The AOD at 305 (top-left) and 315nm(top-right) obtained from Brewer, and 
AOD at 440nm (bottom-left) and 670nm (bottom-right) obtained from CIMEL Sun 
photometer, all plotted with respect to the Brewer AOD at 325nm [Meleti and Cappellani, 
2000]. 
 
Marenco et al. [2002] used the Brewer to measure the total ozone and direct-sun 
ultraviolet radiation at five wavelengths (306, 310, 313, 316 and 320nm) and 
calculated the AOD by applying the Langley method to the direct sun data. In this 
study, the Langley method firstly used small air mass values and cloud free days as 
a calibration and also measured direct-sun signals with fixed neutral-density by 
determining the ratio of the other transmissivity filters to the filter 3 (see chapter 2 
for a description of the filters in the Brewers). The AOD values were retrieved at 
Lampedusa between 28th June and 6th September 2000, under clear skies condition 
as shown in Figure 1.14.  
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Figure 1.14: The diurnal variation in AOD at 320.1nm for three different days in summer 
2000  obtained from Brewer [Marenco et al., 2002]. 
 
Carvalho and Henriques [2000] obtained the AOD by using the Brewer direct sun 
data taken at Lisbon and Funchal during 1991. The results from the two different 
sites, located at a significant distance from each other, illustrated similar patterns 
when filtering with 10 days of moving averages and suggest that large-scale 
atmospheric motions can be followed at both sites with these kinds of measurement. 
The AOD increased reaching a maximum between the end of September and the 
beginning of October whilst the low values during this period were 0.05 to 0.1 
higher than previous summer values, indicating a significant increase in the 
background level after the Pinatubo event. 
 
It is clear that the Brewer spectrophotometers, which makes direct sun 
measurements in the UV, has the potential to provide AOD measurements in the 
UV. If the direct sun measurements are absolutely calibrated (not necessary for 
standard ozone operation) a good correlation is found with independent measures of 
AOD. However, there are indications [Silva and Kirchhoff, 2005] that there are 
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limitations to the use of the Brewer for AOD measurement. Nonetheless, if the 
widely deployed Brewer spectrophotometers can provide AOD data through its 
routine data collection it will increase our knowledge of aerosols around the globe. 
The following sections explore the possibility of further evaluating AOD data in the 
UV.  
 
1.4.2 Determination of the Angstrom Parameters ( α ,β )  
We get three well-established techniques of obtaining the parameter, Angstrom 
parameters ( )βα, , which are given below. 
Linear fitting method (LM) is based on a linearisation of Angstrom’s equation 
which plots a log-log of the AOD versus the wavelength: 
 
( ) β+λα−=λτ InInIn a    (1.35) 
 
We found that α  is then the gradient and β  the intercept of the plot of ( )λτaIn . 
 
Direct method (DM) enables us to calculate these parameters by the following 
formula obtained by direct fit from the Angstrom’s equation: 
 
( )[ ]
( )
( )
( )λ
β
+
λ
λτ
−=α
Ind
Ind
Ind
Ind a
    (1.36)  
 
It was noted that the second term on the right hand side is close to zero, whereas the 
first right hand term is approximately constant [Angstrom, 1929], allowing the 
equation to be rearranged. 
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Therefore, α  is achieved directly from equation 1.37  [Vardavas and Taylor, 2007].  
 
Volz Method (VM) 
The α  and β  parameters can be obtained using VM and are calculated by the 
following  system of equations for each i  and j : 
 
( ) α−βλ=λτ iia      (1.38) 
 
   
( ) α−βλ=λτ jja      (1.39) 
 
Using a natural logarithm a linear system is achieved from which α  and β  can be 
retrieved at each wavelength λ : 
 
( ) ( ) ( )[ ] ( )ijjaia /In//ln λλλτλτ=λα    (1.40) 
 
The α  parameter is determined from equation 1.40 above and is then used in the 
following equation to calculateβ . 
 
( )
α−λ
λτ
=β
i
i
  or  
( )
α−λ
λτ
=β
j
j
   (1.41) 
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To obtain these parameters, the LM and DM are required for a wider range of 
wavelength, whist the VM can be applied for a narrow wavelengths range. 
 
Kaskaoutis and Kambezidis  [2008] used three methods (the Volz (VM), Direct 
(DM) and Least-square (LM) methods) to derive the α  and  β  coefficients by using 
a spectrometer in the spectral range 300-1000nm with high resolution (0.55nm) at 
the National Observatory of Athens. The results found that the comparison between 
the three methods in some spectral bands had significant differences, especially at 
short wavelengths due to a poor signal-to-noise ratio and low turbidity conditions. 
The VM and DM methods were the least accurate and showed a strong dependence 
on the pair of selected wavelengths, whilst the LM was least wavelength dependent 
and seemed to be the best method for minimising wavelength dependence when the 
fit was plotted on a log-log scale. The α  and β  values vary from 0.5-2.75 and from 
0.04-0.2 respectively, as shown in Figures 1.15 and 1.16 which plot the α  and 
β coefficients against the wavelength interval.  
 
 
 
Figure 1.15:  The mean α  values as a function of wavelength derived via VM and LM for 
five spectral wavelength intervals [Kaskaoutis and Kambezidis, 2008]. 
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Figure 1.16: The mean β  values derived via VM and LM for five spectral wavelength 
intervals [Kaskaoutis and Kambezidis, 2008].  
 
Figures 1.15 and 1.16 show the α  and β  coefficients obtained using the VM and 
LM in the spectral range 300nm-1000nm during May 1995 at the National 
Observatory of Athens. Figure 1.17 shows that both methods had a similar α  
coefficient at wavelengths above 400nm whilst values using VM were higher at 
short wavelengths. Figure 1.8 shows that there is greater disparity in β   measured 
by the two methods, especially at short wavelengths. Kambezidis and Kaskaoutis 
[2008] also  determined the α  coefficient by using the AOD from the AERONET 
sites in Italy (Ispra), Saudi Arabian (Solar Village), Republic of Nauru (a Pacific 
Island), and Brazil (Alta Floresta). The α  values illustrate a clear pattern of higher 
values (small particles) for biomass burning (Alta Floresta) compared to those found 
in desert regions (Solar Village) with larger dust particles, and the salt aerosol of 
oceanic regions, as shown in Figure 1.17. The data are presented here to show the 
range of α  values one might expect.  
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Figure 1.17: The monthly variation in 870440−α  from 2002 to 2004. The maximum (closed 
circles) and minimum (open circles) monthly values are also shown [Kambezidis and 
Kaskaoutis, 2008].   
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Figure 1.18: Frequency of occurrences for the 870440−α values in the period 2002–2004 
[Kambezidis and Kaskaoutis, 2008]. 
 
Kaskaoutis et al. [2007a] applied the AOD data which was originally collected from 
the CIMEL sunphotometer provided by AERONET, for different aerosol sources, 
biomass burning, urban, maritime, and desert dust to obtain the α  values at six 
wavelengths, 340, 380, 440, 500, 675 and 870nm by using the LM. The results 
showed that the values had wavelength dependence due to a significant difference in 
the spectral interval; 380-440nm and 675-870nm. In addition the values showed 
comparatively larger values at shorter wavelengths, although a linear relation 
between using the LM and the AERONET data produced good results.  
Interestingly, the high errors of these values took place at the low turbidity.  
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Kaskaoutis et al. [2006] determined AOD by the ground based direct sun data taken 
from a high-spectral resolution ( )nm55.0≈  in Athens during May 1995 and then the 
LM and VM were applied in three turbidity conditions (low, moderate and high 
turbidity) to obtain the α  values. The results showed that the values had a strong 
dependence on the pairs of selected wavelengths and the aerosol characteristics. The 
highest value was 2.83+0.66 in the 340-380nm band selected, compared to 
0.53+0.39 in the 670-870nm band, as can be seen from in Figure 1.19. Importantly, 
the wavelength dependence of the values was greater under low turbidity conditions 
and a dominant aerosol type could not be established in Athens. 
 
 
 
Figure 1.19: The α  and β  coefficients determined as a function of wavelength in different 
wavelength bands for low, moderate and high turbidity [Kaskaoutis et al., 2006]. 
 
Kambezidis et al. [2001] obtained the AOD data under cloudless conditions by 
using a Passive Pyrheliometric Scan in the 320-575nm range operating on the roof 
of the Department of Electrical Engineering, National Technology University of the 
city of Athens and used  the LM in order to obtain the α  and β  coefficients. The 
results showed that higher α  values were found in winter, associated with small 
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particles which had been resident longest in the atmosphere, whilst lower ones were 
found in the summer with larger particles. The β  values, on the other hand, were 
diurnal and seasonal: higher diurnal values were found during the morning rush 
hour, mainly attributed to air pollution emission and transport phenomena, whilst 
higher seasonal values were found in summer compared to winter. 
 
Cachorro et al. [2001] obtained AOD data from the direct sun data taken from a Li-
Cor Li 1800 portable spectroradiometer in the 300-1100nm range (UV-VIS (350-
440nm), VIS (400-670nm) and VIS-NIR (370-870nm)) between March and 
November of 1995 at two stations in Spain with two different climates (rural and 
continental). The VM was then applied in order to obtain the α  values. These 
values varied depending on the technique and pairs of wavelengths used, of which 
the latter had a significant influence, as can be seen from the Figure 1.20. Therefore, 
it was noted that determination of a standard set of wavelength pairs should be 
specified  
 
 
 
Figure 1.20: Evolution of the instantaneous α  during 1995 determined by the windows fit 
(VIS–NIR) and direct methods using the fit in the 400nm–670nm spectral interval (VIS) 
[Cachorro et al., 2001]. 
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Cuomo et al. [1993] determined α  and β  by using an optical spectral analyser in 
the wavelength range 450-700nm with a resolution of 2.5nm in Spain to obtain the 
AOD data. The LM and VM were then applied. The results showed a significant 
variation between the values using different pairs of selected wavelengths and 
characterising atmospheric aerosols at low to medium turbidity conditions. It was 
noted that a more accurate determination of these values could be achieved by using 
a larger amount of data points as the bias of a few measurements does not produce 
adequate results.   
 
Cachorro et al. [1987] also took direct sun data by using a spectroradiometer, but 
this time within the spectral range of 400-1000nm and at a higher resolution (2nm), 
then using Lambert-Beer’s law in order to analyse the AOD. In order to determine 
Angstrom parameters VM, DM, and LM were applied. The results showed that 
theses parameters varied depending on the method used and the spectral resolution 
of the instrument. Additionally, It was noted that the LM was an adequate method 
for the investigation of the α  and β  values and the effect of aerosols on solar 
radiation. 
 
Recently, there has been an increased interest in AOD retrieval in the UV, visible 
and near IR regions of the spectrum, due to the ill-defined impacts of aerosol on 
radiative forcing and climate change. Throughout the reviewed literature the AOD, 
particularly in visible and near IR, is often used for determining aerosol size 
distribution according to Angstrom’s equation. One criticism of much of the 
literature on these parameters is that the parameters have never been determined in 
UV by using Brewer AOD obtained from Brewer software, so this study has 
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focused on the Brewer AOD retrieval at UV wavelengths. These data have been 
further used to calculate the Angstrom parameters which provide us with further 
information about the aerosol, resulting in an improved understanding of the aerosol 
climatology at UV wavelengths. 
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2 Brewer Spectrophotometer  
The Brewer Spectrophotometer and Dobson are currently the most popular 
instruments for the measurement of ozone. As the Dobson is no longer produced the 
Brewer has become the main instrument of choice for measuring ground-based 
stratospheric ozone [Fioletov et al., 2002; Gröbner, 2003; Savastiouk, 2006; Silva 
and Kirchhoff, 2005]. It was designed in the 1960s and further developed in the 
1970s by Dave Wardle and Alan Brewer at the University of Oxford before being 
introduced to the global network in 1982. The total amount of ozone in a vertical 
column of atmosphere is determined by the ratio of direct solar radiation that passes 
through the atmosphere measured at five different wavelengths; 306.3, 310.1, 313.5, 
316.8, and 320.1nm. These wavelengths are nominal and may be slightly different 
for each Brewer Spectrophotometer due to optical and mechanical characteristics 
[Johnston et al., 2000]. The spectrophotometer also measures the total amount of 
sulphur dioxide in a vertical column to allow comparison between the measured 
levels of sulphur dioxide and ozone. Furthermore, a new version of 
spectrophotometer software, developed by Vladimir Savastiouk in 2005, retrieves 
the AOD (Aerosol Optical Depth) at five wavelengths by using Beer’s law, 
providing the measurement of extinction of solar radiation by aerosol particles in a 
vertical column [Savastiouk and McElroy, 2005]. 
 
2.1 Versions of the Brewer Spectrophotometer   
Three versions of the Brewer Spectrophotometer were developed: MKII, MKIII and 
MKIV. Firstly, the MKII, developed in the 1960s, is a single monochromator, 
having a UV scanning range from 290 to 325nm. Secondly, the MKIII, developed in 
1992, is a double monochromator and has an extended UV scanning range from 
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286.5 to 363nm. Lastly, the MKIV developed in 1970s, measures ozone and 
nitrogen dioxide total columns and has a spectral range of 286.5–325nm for 
scanning UV. The main difference between Brewers MKII, MKIII and MKIV 
resides in the monochromator optical design. The MKII has a diffraction grating 
[GR1] with 1800 lines/mm, whereas the double monochromator MKIII has 
diffraction gratings [GR1 and GR2] with 3600 lines/mm and improved stray-light 
rejection. The MKIV has a diffraction grating [GR1] with 1200 lines/mm. In 
addition, the MKIV stray-light rejection is achieved by means of a nickel sulphate 
filter and changeable order filters that produce a significant temperature dependence 
in the measured signals. The number of lines/mm attributed to the gratings indicates 
the spectral and usable rage. A diffraction grating with 1200 lines/mm has high 
efficiency at UV, visible light and infrared rage, whereas a diffraction grating of 
1800 lines/mm has a higher efficiency at UV and visible light range. The highest 
efficiency at UV only, on the other hand, was found with a grating of 3600 
lines/mm. 
 
The MKIII is accepted as being significantly superior to the MKII and MKIV for 
the measurement of solar radiation and ozone in the UV region of the spectrum. 
This is because of the much improved stray light performance of the double-
monochromator optical system compared with the single-monochromator system of 
the MKII and MKIV.  
 
The World Ozone Network has incorporated more than 80 Brewer instruments in 
over forty different countries throughout the world since 1998. They are mostly 
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deployed to measure ozone and sulphur dioxide with currently only a small number 
researching AOD.  
 
2.2 How Does a Brewer Work? 
The primary function of the Brewer is to measure ozone by using the ground-based 
direct solar radiation monitoring taken at four different wavelengths in the UV range 
[Bais, 1997] and three of them are used to produced the total amount of sulphur 
dioxide in a vertical column. As mentioned above, a new version of the Brewer 
software developed in 2005 can determine the AOD from fitting direct-sun 
measurement to Beer’s law [Cheymol and De Backer, 2003; Savastiouk and 
McElroy, 2005]. Furthermore, Silva and Kirchhoff [2004b] produced the evidence 
to show that direct sun data measured by the Brewer produces the high quality data 
required for the AOD calculation. Consequently, in this study, the Brewer is the 
primary instrument applied for AOD retrieval. In order to improve Brewer AOD 
retrieval, one must understand how the instrument works and is described below. 
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Figure 2.1: Top View of Spectrophotometer[KIPP&ZONEN., 2009]. 
 
 
 
 
Figure 2.2: Optical Elements of Brewer Spectrophotometer [KIPP&ZONEN., 2009]. 
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As shown in Figures 2.1-2.2, the first element of the Brewer is a prism, rotated by a 
step motor. The rotation of the prism allows the instrument to change the zenith 
angle of the observation. During operation, the source of light, either the Sun, zenith 
sky or the internal lamp, passes though the iris aperture [IR1] and Filterwheel [FW 
#1, FW #2]. FW #1 contains two open holes (#3 and #4), two film polarizers (#0 
and #5), a ground-quartz disk (#1) and an opaque blank (#2). The film polarizer (#0) 
is used for all zenith sky and Umkehr measurements whilst the second film polarizer 
(#5) is only used for specialized research purposes. The open position (#3) is used 
for moon and UV observations. FW #2 contains an open hole (#0) and five neutral-
density filters providing ND=0.0, 0.5, 1.0, 1.5, 2.0 and 2.5 attenuation (#0 through 
#5). This Filterwheel is used to automatically adjust the light level entering the 
spectrometer. Light from the Filterwheel passes through AP1 which has a fixed 
aperture and limits the field of view of the spectrometer to f/6. Plano lens [LE4] 
focuses the collimated UV light onto the entrance slit of the spectrometer.  
 
Light enters the entrance slit [ES1] into the spectrometer and passes though a tilted 
lens [LE5] which is then collimated by a spherical mirror [SM1] onto the grating 
where it is dispersed. Rotation of the grating is controlled by a micrometer acting as 
the end of a lever arm so that a 0.03mm adjustment of the micrometer represents 
approximately a 0.1nm wavelength change at the exit slit plane. A second mirror 
reflects and focuses the spectrum onto the exit slit focal plane. A slotted mark [SL1] 
located in front of the exit slit plane has eight positions where two are blocked for 
dead-time calculation and the others allow light to enter. A focal-length quartz 
Fabry lens [Le6] focuses light through the exit slits and then collected on the 
cathode of a low-noise EMI 9789QB05 PMT detector [PM1].  
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2.3 Physics Review for Brewer Spectrophotometer 
In this study, two Brewers make the direct sun measurements for AOD calculations. 
One Brewer (MKIII) has been installed on the rooftop laboratory of the Pariser 
Building of The University of Manchester, that has been located in the city centre 
area of Manchester (53°.47′ N, 2°.23′W) since the summer of 2000. The other 
Brewer (MKIV) has been operational on the rooftop of the meteorological building 
of the University of Reading (51°.44′ N, 0°.94′W) since 2000 and, while on parkland, 
the motorway (M4) and light industry of the Thames valley will influence the 
environment of the region. Both the instruments have been well maintained and are 
regularly calibrated against a world standard instrument, meaning that they are 
operating to WMO GAW standards. The instruments can be seen in Figures 2.3-2.4.  
 
 
 
Figure 2.3: Brewer #172 (MKIII) has been operated on the rooftop laboratory of the Pariser 
Building of The University of Manchester since the summer of 2000. 
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Figure 2.4: Brewer #075 (MKIV) has been operated on the rooftop of the meteorological 
building of Reading University since 2000. 
 
A Brewer Spectrophotometer is a device for measuring light intensity as a function 
of the wavelength in the UV ranges. It uses a single or double monochromator 
containing a diffraction grating to produce the spectrum and Photomultiplier (PMT). 
The PMT is employed for transmitted electric signal detection and then amplifies 
that signal to a useful level. In this section, the basis of the physics of the Brewer is 
described in detail.  
 
2.3.1 Diffraction Grating  
In the Brewer optical mechanisms, the grating is the tool that disperses the light into 
its spectral components.  The dispersion of the spectrum depends on the line spacing 
of the grating and the incident wavelength (Figure 2.5).  
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Figure 2.5: Diffraction grating. 
 
The general physics equation used to describe the relationship between the grating 
and the angle of incident beam may be written as: 
 
( ) λ=θ+θ nsinsind im    (2.1) 
 
where  n  is the order of diffraction.  
λ  is the diffracted wavelength.  
d  is, the distance between slits, called the grating constant (d = 
1 / N,  where N is the number of lines per unit length) 
mθ  is the angle of incidence measured from the grating normal. 
iθ   is the angle of diffraction measured from the grating normal. 
 
Diffraction gratings of 3600lines/mm operating in the first order are used in the 
double-monochromator MKIII whilst a diffraction grating of 1800 lines/mm 
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operating in the second order is used in the single-monochromator MKII. 
Diffraction grating of 1200 lines/mm, on the other hand, is applied in the single-
monochromator MKIV operating in the third order in the UV region for ozone 
measurements and in the second order of the visible region for nitrogen dioxide.  
 
2.3.2 Monochromator 
A monochromator is an optical device used to produce a single spectral line or 
radiation within a narrow range of wavelengths from a source with a broader range 
of wavelengths and was invented by Bernard Lyot in 1927 [Ralph, 1947].  
 
2.3.2.1 Single Monochromator 
An Ebert-Fastie monochromator is a simple single monochromator, as shown in 
Figure 2.6. A Source of light passes though the entrance slit and is then collimated 
by a concave mirror. The grating, controlled by a step motor, diffracts and disperses 
the collimated beam which is re-focused by the mirror at the exit slit. Each 
wavelength of light is focussed to a different position at the slit.  
 
 
 
Figure 2.6: A diagram of the Ebert-Fastie Monochromator. 
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The single monochromator is widely utilized to monitor solar radiation. Brewers 
MKII and MKIV use this design of monochromator.  
 
2.3.2.2 Double Monochromators 
Two monochromators can be connected in series, with their mechanical systems 
operating in the same direction such that they both select the same spectral range as 
shown in Figure 2.7. This is to improve the spectral resolution and reduce the stray 
light effect for solar UV measurement. 
 
 
 
Figure 2.7: A diagram of the Ebert-Fastie double-monochromator. 
 
Several studies have revealed that because of the additional dispersion and baffling 
between gratings, the Brewer MKIII reduces the effects of stray light to the lowest 
possible level [Bais et al., 1996; Wardle et al., 1998]. This is particularly important 
for the absolute measurement of spectral UV, though less critical for the relative 
measurements required for ozone measurement. 
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2.3.3 Photomultiplier Tube (PMT) 
The PMT detector converts photons to an electrical signal that can then be recorded. 
Depending on type, they are extremely sensitive to photons in the UV, visible, and 
near-infrared ranges. A PMT consists of a photocathode, a focussing grid, an array 
of dynodes and an anode housed in an evacuated glass tube (Figure 2.8). When a 
photon of sufficient energy is incident on the photocathode, it ejects a photoelectron 
as a result of the photoelectric effect. This effect refers to the emission of electrons 
from a metal surface when they receive sufficient amounts of energy from incident 
photons. The potential difference between the cathode and the anode generates a 
current from the flow of emitted electrons. Each accelerated photoelectron that 
strikes the dynode surface produces several electrons that are accelerated to dynode 
2. By the time this process has been repeated at each of the dynodes, an order of 105 
to 107 electrons have been produced for each incident photon. The amplification 
depends on the number of dynodes and the accelerating voltage. This amplified 
electrical signal is collected at an anode at ground potential, which can be measured. 
The disadvantages of PMTs are their relatively large size, mechanical delicacy, 
temperature sensitivity and the requirement for a stable, high-voltage supply. 
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Figure 2.8: A diagram of the Photomultiplier tubes. 
 
2.4 Operational Requirement and Quality Control 
Generally, Brewers #172 and #075, the double and single monochromator Brewers 
used in this work, are calibrated every 2 years in accordance with normal practice. 
In addition to this, a number of quality control checks are routinely performed to 
establish the optical characteristics and maintain the performance of the instrument. 
The major tests that characterise the performance of the Brewer Spectrophotometer 
are high-voltage test, standard lamp intensity test, shutter-motor timing test, run/stop 
ratios, photomultiplier dead times, R ratios, Sun scan, and Dispersion which are 
outlined below in terms of the operational commands.  
 
2.4.1 High Voltage Test (HV) 
HV is a command used to determine the optimum high voltage setting for the 
photomultiplier (PMT), as each PMT has an optimal operating voltage. During the 
test, it is typically set in the range of 850-1550V, in increments of 50V [Savastiouk 
and McElroy, 2005]. This test is normally applied at the factory in the final set-up 
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stages of manufacture, but it can also be performed in the field if it is suspected that 
the setting is incorrect [Kimlin et al., 2005]. 
 
 
 
Figure 2.9: High voltage setting of the photomultiplier (PMT) obtained from Brewer #172 
operated in Manchester since the summer of 2000. 
 
 
 
Figure 2.10: High voltage setting of the photomultiplier (PMT) obtained from Brewer #075 
operated in Reading since 2002. 
 
Figure 2.9 shows no significant differences in the high-voltage values obtained from 
Brewer #172 since the summer of 2000. In contrast for Brewer #075, these values 
increase by about 2% between September of 2005 and December of 2009 due to 
changing an electronic broad, as can be seen in Figure 2.10. A new calibration was 
applied, as the result; the high voltage has been stable since September of 2005. The 
blue circles in Figures 2.9 and 2.10 indicate each time a HV value was obtained, the 
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black areas are an indications of the intensity of readings obtained i.e. a repeated 
overlay of blue spots. 
 
2.4.2 Standard Lamp Intensity Test (SL) 
This is the most important quality assurance test in the Brewer command test and a 
useful diagnostic tool for indicating variability in the response stability of each 
instrument. An internal 20-Watt quartz-halogen bulb is the standard lamp used as a 
reference for sensitivity measurements, located in the fore optics assembly. The 
filament of the lamp is placed at the focal point of a double-convex lens so that the 
light from the lamp is directed along the optical axis by the zenith prism. 
Measurements of lamp intensity are made over several minutes. During the end of 
day routine, the SL intensity values from each scan are averaged to produce a daily 
value and written in a SLOAVG file. This test should be run at the start and at the 
end of the day and should be preceded by an Hp and Hg command. Hg is used to 
accurately locate the 302.15nm line of the Mercury spectrum so that the diffraction 
grating can be adjusted and then the five ozone operational wavelengths fall onto the 
appropriate exit slits. Hp ensures that the two micrometers remain synchronised 
such that they are both set to the same wavelength, used with the MKIII. The results 
of Brewer #172 and #075 for this command test are illustrated in Figures 2.11–2.12. 
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Figure 2.11: Change of intensity of internal standard lamp counts obtained from Brewer 
#172 operated in Manchester since summer 2000. 
 
 
 
Figure 2.12: Change of intensity of internal standard lamp counts obtained from Brewer 
#075 operated in Reading since 2002. 
 
Figures 2.11 are quite revealing in several ways. Initially, the lamp intensity values 
obtained from Brewer #172 decreased from December 2000 to January 2004, 
followed by a rise in the summer of 2004 and then remain constant until January 
2005. From June 2005 the intensity of the internal standard lamp appears to 
decrease followed by constant intensity until September 2007. This was in turn 
followed by a significant decrease in January 2008, constant intensity until 
November 2008, whereupon there was a decline again followed by a rise until 
September 2009. These rather inconsistent results are due to decreases in instrument 
sensitivity caused by instrument age, changes in the lamp circuitry or replacement of 
the lamp bulb. On the contrary, the lamp intensity values obtained from Brewer 
#075 (Figure 2.12) showed no significant differences between December 2002 and 
June 2004, and from January 2006 to December 2009. However, there was a small 
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increase between June 2004 and December 2005. It might be related to an increase 
in the PMT high-voltage or replacement of the lamp bulb.  Nevertheless, this test is 
no side effect on the performance of the instrument because the point of the test is to 
measure the same ratios as used in the ozone calculation and correct for any changes 
in differential response. As a result, the absolute intensity only matters if we are 
checking the health of the bulb itself. 
 
2.4.3 Shutter-Motor Timing Test (SH) 
The SH test determines the optimum value for the timing constant used in the 
control of the slit-mask motor. The shutter has eight shutter positions, 306.3, 310.1, 
313.5, 316.8, and 320.1nm, for counts at the mercury spectral lines and for dark 
counts. This test is normally done in the factory and not performed in the automated 
Brewer schedule but is undertaken once per year during the annual UV calibration. 
The result of this test is written in the ICF file. The slit mark motor delay obtained 
from Brewer #172 has been recorded at 14 since the summer of 2000. Brewer #075 
located in Reading possesses slit mark motor delay that has not changed since 2000, 
with a monitored value of 14.  
 
2.4.4 Run/Stop Ratios Test (RS) 
The RS test monitors the operation of the shutter position and alignment of the 
spectrometer mirror by taking measurements while the shutter is still and again 
when it is moving. This test runs for approximately 10 minutes, which includes a 5 
minute period to allow the standard lamp to reach its operational temperature. The 
test is deemed successful if the ratio RUN/STOP for the five operational 
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wavelengths (positions 2 to 6) are in the range 0.997 to 1.003 and if the ratio for 
dark count lies are within the range 0.20 to 0.50.  
 
Figures 2.13 and 2.14 shows the results obtained from preliminary analysis of the 
ratio Run/Stop at five wavelengths and dark count. It is noted that the five 
operational wavelengths made by Brewer #172 and #075 have been operating within 
the optimal range as shown in green colour. However, fault in a scan where the 
operating is over the optimal range is shown in red colour.  
 
 
 
Figure 2.13: Run/Stop test results for the six operational wavelengths and dark count of 
Brewer #172 in Manchester since 2000. Seven lines from the top shows slit mark position.  
Positions 0 to 7 are for 302.1nm, dark count, 306.3nm, 310.3nm, 313.5nm, 316.8nm, and 
320.0nm.  
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Figure 2.14: Run/Stop test results for the six operational wavelengths and dark counts of 
Brewer #075 in Reading since 2002. Seven lines from the top shows slit mark position.  
Positions 0 to 7 are for 302.1nm, dark count, 306.3nm, 310.3nm, 313.5nm, 316.8nm, and 
320.0nm.  
 
2.4.5 Photomultiplier Dead Times Test (DT) 
The dead-time test measures the minimum time interval between two photon events 
that can be resolved as an individual event by the Brewer’s photomultiplier tube 
(PMT). The test takes about 15 minutes, which includes time to allow the lamps to 
reach operational temperature. The typical values of the dead time for the Brewer 
are between 30 and 40ns, as shown in Figures 2.15-2.16. 
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Figure 2.15: Dead time test results obtained from Brewer #172 operated in Manchester 
since the summer of 2000. 
 
 
 
Figure 2.16: Dead time test results obtained from Brewer #075 operated in Reading since 
August of 2002. 
 
From the data in Figures 2.15-2.16, it is apparent that the average dead time values 
obtained from both sites fall within a range that can be accepted. However, these 
values appear to decrease between February 2006 and the end of May 2006 due to 
PC corruption. Changes in PMT high- voltage can lead to changes in dead time. 
Additionally, optical misalignment also causes an increase in dead time [Kimlin et 
al., 2005].   
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2.4.6 R Ratios Test 
Five different ratios are calculated using these five ozone wavelength counts and 
then two higher order ratios are determined for use in the ozone calculation 
algorithm. Although the Brewers sensitivity decays over time, the ratios of the 
counts at the five wavelengths should remain constant if there is no wavelength 
dependent change in the instrument’s optics. A 20-W standard lamp is the source 
used for these tests and is itself subject to wavelength dependent changes as the 
lamp filament ages. Drifts in the R5 and R6 value should remain below 1.5% 
according to the Brewer manufacturer’s operating manual.  
 
 
 
Figure 2.17: R6 and R5 test results for Brewer #172 in Manchester since 2000. 
 
 
 
Figure 2.18: R6 and R5 test results for Brewer #075 in Reading since 2002. 
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As Figures 2.17-2.18 show, there are significant differences between R5 and R6 
values obtained from both sites. To begin with, Brewer #172 in Manchester, the R6 
and R5 values appear to remain constant from the end of 2000 until 2004, a 
significant increase occurs in September 2005, followed by a constant period until 
August 2006. This followed the repair after serious storm damage. From September 
2006, the R6 values remain constant until September 2009, where there is a slight 
drop, in contrast to the R5 values where a small increase occurred in September 
2006, after which they remain constant until September 2009. This is due to 
changing the alignment of the spectrometer mirror. From September 2009 to 
present, the R6 and R5 values show a small decrease, after which they remain 
constant. This is caused by adjustment of a step number during the last calibration 
campaign in Spain.  
 
R6 and R5 values obtained from Brewer #075 located in Reading increased 
significantly at the end of September 2002 and then remained mostly constant until 
June 2003, whereupon they declined from June to December 2003. This was 
followed by a small rise again in January 2004 to remain mostly constant until 
September of 2005. It is believed that this is due to humidity absorption of filter 
wheel #3. This filter is a hygroscopic NiSO4 filter; the resulting effect of humidity 
absorption would be a reduction in transmittance [Kimlin and Taylor, 2002]. During 
calibration in September 2005, the R6 and R5 values show a marked fall again and 
then remain constant until present. This is due to replacement of the NiSO4 filter.  
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Importantly, R6 is used for adjustments the ETC determined the difference between 
new R6 test and the old one (equation 2.2), resulting in improvement of ozone 
calculation. Consequently, R6 should do regularly test at the end of the day. 
 
)6R6R(ETCETC newoldnew −+=   (2.2) 
 
2.4.7 Sun Scan Test (SC) 
This test determines the correct position of the micrometer controlling the 
diffraction grating. In conducting this test, scatter plots of the total ozone and 
sulphur dioxide in a vertical column versus the micrometer step number were 
generated as can be seen in Figures 2.19 and 2.20. The proper operational setting is 
a step number pointing at a maximum ozone value, whereas the sulphur dioxide 
value should be a minimum. 
 
 
 
Figure 2.19: The total ozone in a vertical column as a function of step number during the 
fourth Regional Brewer Calibration Center for Europe inter-Brewer-comparison campaign in 
Spain, on a clear sky day and with an air mass of 1.55, 10th September 2009. 
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Figure 2.20: The total sulphur dioxide in a vertical column as a function of step number 
during the fourth Regional Brewer Calibration Center for Europe inter-Brewer-comparison 
campaign in Spain, on a clear sky day and with an air mass of 1.55, 10th September 2009. 
 
 
 
Figure 2.21: Sun scan average file obtained from Brewer #172 between 2002 and 2009. 
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Figure 2.22: Sun scan average file obtained from Brewer #075 between 2004 and 2009. 
 
In Figure 2.21, it is apparent that the step number values of Brewer #172 vary 
between 270 and 305 from 2002 to 2009.  These values have fallen in the highest 
point range of 285 to 290 and showing step 286 is best during the fourth Regional 
Brewer Calibration Center for Europe inter-Brewer-comparison campaign. The data 
in Figure 2.22 demonstrates the step number values of Brewer #075 vary from 275 
to 400 between 2004 and 2009. The range of 290 to 295 was the highest point 
recorded, with a proper step at 292 obtained from the last calibration in Spain.  
 
2.4.8 Dispersion Test (DSP) 
This test determines the relationship between the step number of the micrometer that 
moves the grating and the wavelengths seen through each of the exit slits as shown 
in Figure 2.23. This test is typically performed during the Regional Brewer 
Calibration Center for Europe inter-Brewer-comparison campaign.  
 
Chapter 2                                                                           Brewer Spectrophotometer 
 99 
 
 
 
Figure 2.23: The dispersion test scan of a 313.32nm Cd line with slit 5. 
 
As shown in Figure 2.23, the dispersion test has shown the scan of a 313.32nm with 
exit slit 5 and established micrometer position of 1799.9 at the peak, with the 
spectral width in a range between 1765 and 1835. In order to determine the effective 
cross-sections, the slit function of each exit slit is convolved with the ozone and 
sulphur dioxide absorption spectral. The results of this test are written on DSP 
output file which show a clear picture of what has changed in the dispersion 
chrematistics of the instrument.   
 
2.5 A Methodology for Determining Ozone and Sulphur Dioxide 
This section describes the standard Brewer algorithm that is used to determine 
ozone. It also mentions the issue with the algorithm when using the specific 
weighting coefficients for improving the accurate ozone column measurements. A 
vertical column density of the total amount of sulphur dioxide, on the other hand, 
has been calculated using a similar technique to ozone by taking off the amount of 
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ozone in a vertical column, also given is an explanation of methodology used in 
detail. Subsequently, correctly determining ozone is vital for sulphur dioxide 
measurements. In doing this, there are five wavelengths therefore five Beer-Lambert 
equations are applied. Each equation is multiplied by weighting coefficients which 
are a numeral that can be derived by the five summation equations at five 
wavelengths following three conditions in equation 2.6 for ozone calculation and 
equation 2.9 for sulphur dioxide calculation, a more detailed explanation is also 
given below (sections 2.5.1-2). 
 
2.5.1 Ozone Calculation 
The absorption of solar radiation in the UV region depends strongly on ozone as 
over half of the total optical depth is controlled by ozone at short wavelengths. The 
amount of attenuation of radiation passing though the atmosphere in the UV range 
can be expressed by the Beer-Lambert law (in the Brewer format):  
 
( )λλλλ τ−µγ−τ−µσ−= aSOrO0ii mXmXexpFF 23
  (2.3) 
 
where   0iF    are count rates at wavelength λ  outside the earth’s atmosphere. 
 iF      are count rates at wavelength λ  
 µ       is air mass for an ozone and sulphur dioxide layer of height 22Km 
λσ      is the ozone absorption coefficient spectral 
3OX    is the total vertical ozone 
m
      is the air mass for a layer of height 5Km above the earth’s surface. 
λτ r      is the Rayleigh absorption coefficient spectral 
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λγ       is the sulphur dioxide absorption coefficient spectral 
2SoX   is the total vertical sulphur dioxide 
λτa    is the aerosol optical depth at wavelength, which can be expressed in        
 Angstrom’s equation as:    
     
−∞
λ βλ=τa     
 
where β  is the Angstrom’s turbidity associated with the attenuation of aerosol 
particles in the atmosphere, and α  is the wavelength exponent associated with 
aerosol size distribution.  
 
In the Brewer software, the wavelength exponent ( )α  was assumed to be equal to 1, 
so therefore the logarithmic form of the equation can be represented as: 
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Multiply the above equation by row vector 
 
    [ ]543333 O5O4O3O2O1O kkkkkk =    (2.5) 
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where 3Ok  represents ozone weighting coefficients which are each wavelength 
weighted to minimise the effect of sulphur dioxide and aerosols for ozone 
calculation, and normally standard to all Brewers.  
 
A general mathematical format for a system of linear equations for each wavelength 
can now be written as: 
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Solving for ozone requires a row vector k, usually taken as the standard vector 
above which satisfies: 
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where  iγ   are sulphur dioxide absorption coefficients  
iλ  are wavelengths   
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If the solution for the raw vector k is calculated specifically for a given Brewer, the 
results are not exactly equivalent to the assumed constant values. The solution for 
ozone then can be expressed as follows:  
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2.5.2 Sulphur Dioxide Calculation 
Sulphur dioxide is calculated using a similar technique to that described in section 
2.5.1 with the sulphur dioxide weighting coefficients ( 2Sok ), which are normally 
standard to all Brewers: 
 
   
[ ]222222 So5So4So3So2So1So kkkkkk =   (2.8) 
 
A general mathematical format for a system of linear equations for each wavelength 
can now be written as: 
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Solving for sulphur dioxide requires a row vector k usually taken as the standard 
vector above which satisfies: 
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where iσ  are ozone absorption coefficients 
 
If the solution for the raw vector k is calculated specifically for a given Brewer, the 
results are not exactly equivalent to the assumed constant values. The solution for 
sulphur dioxide then can be expressed as follows:  
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The operating wavelengths changed slightly between each calibration and so 
weighting coefficients calculated specifically for our instruments will also be 
slightly different for each year. Tables 2.1-2.4 show the specific weighting functions 
compared to the standard set. 
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Table 2.1: Ozone standard and specific weighting functions between September of 2005 
and 2008 in Manchester (Brewer #172). 
Year/λ(nm) 306.3 310.1 313.5 316.7 320.0 
STD 0 -1.00 0.50 2.20 -1.70 
Sep05-06 0 -1.00 0.17 2.81 -1.98 
Sep07-08 0 -1.00 0.12 2.91 -2.03 
 
Table 2.2: Ozone standard and specific weighting functions between September of 2005 
and 2008 in Reading (Brewer #075). 
Year/λ(nm) 306.3 310.1 313.5 316.7 320 
STD 0 -1.00 0.50 2.20 -1.70 
Sep05-06 0 -1.00 0.17 2.81 -1.98 
Sep07-08 0 -1.00 0.15 2.85 -2.00 
 
Table 2.3: Sulphur dioxide standard and specific weighting functions between September of 
2005 and 2008 in Manchester (Brewer #172). 
Year/λ(nm) 306.3 310.1 313.5 316.7 320 
STD -1.00 0 0 4.42 -3.20 
Sep05-06 -1.00 0 0 4.45 -3.45 
Sep07-08 -1.00 0 0 4.43 -3.43 
 
Table 2.4: Sulphur dioxide standard and specific weighting functions between September of 
2005 and 2008 in Reading (Brewer #075). 
Year/λ(nm) 306.3 310.1 313.5 316.7 320 
STD -1.00 0 0 4.42 -3.20 
Sep05-06 -1.00 0 0 4.43 -3.43 
Sep07-08 -1.00 0 0 4.42 -3.42 
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2.6 Converting Raw Counts to Light Intensity in Brewer Algorithm 
This section describes methodology for converting raw counts to light intensity in 
Brewer algorithm used to determine ozone and sulphur dioxide.  
 
2.6.1 Converting Raw Photon Counts to Count Rates  
Raw photon counts obtained from the Brewer are stored in an array (Fi). They are 
automatically retrieved from six channels where one is operated for dark counts and 
the others are operated for raw counts at five different wavelengths. The dark count 
that is stored in F1 is subtracted from the raw counts (Fi) for each wavelength to 
convert them into count rates using the following equation: 
 
( )
ITCY
FF2F 1i
×
−×
=     (2.11) 
  
where CY   is the number of slit-mask cycles  
IT    is the interval-scaling factor which incorporates slit sampling       
.         time and duty cycle 
 
2.6.2 Compensation for Deadtime, Temperature, Rayleigh Scattering, 
and the Neutral Filter Attenuation 
There are four compensations in the Brewer algorithm software that are required 
before doing ozone and sulphur dioxide calculations: dead time, temperature, 
Rayleigh scattering, and the neutral filter attenuation. Firstly, the dead time is taken 
into account by Poisson statistics that assumes for any observation at a true count 
rate 0F  the observed rate F  will be defined as: 
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10TF
0 e.FF
−
=      (2.12) 
  
when 1T  is the dead time 
 
To solve equation (2.12), iterating 9 times is utilized: 
 
10TF
0 e.FF
−
=      (2.13) 
 
Each wavelength applies for this compensation. In doing compensation of the dead 
time, scaled by 10,000 for allowing integer arithmetic.  
 
Secondly, changes in the internal temperature of the Brewer at a site affects the 
daily and seasonal measurements of UV radiation [Weatherhead et al.]. It has also 
been demonstrated that an increase in the internal temperature results in a decrease 
in the instrument's responsivity [Anna et al., 2003]. The instruments are usually 
provided with a correction for spectral irradiance that causes changes in 
temperature. Correction for temperature dependence of the spectral data obtained 
from the Brewer at each wavelength can be expressed as follows: 
 
    ii
T
i TC.TEFF +=     (2.14) 
  
where iTC   are the wavelength-dependent temperature coefficients 
  TE    is the instrument temperature in degrees Celsius 
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Thirdly, compensating for Rayleigh scattering at each wavelength, on the other 
hand, is operated by hard-coded equations in the Brewer software. The values are 
adjusted according to the instrument location, as follows: 
 
    
1013
PRayFF i
R
i +=     (2.15) 
  
where  P   is pressure at the instrument location and   
Ray  is Rayleigh coefficients 
 
Lastly, the compensation for filter attenuation varies depending on which filter is 
used. Although we know the filter is likely to have a spectral temperature 
dependence we assume that it does not and that attenuation values are the same for 
all instruments as follows: 
NDFF i
N
i +=     (2.16)  
 
where ND is neutral density filter attenuation which can be expressed as follows: 
 
    10000*AND =  
 
 where A is the attenuation coefficient for each filter density number  
 
Nonetheless, it is important to correct raw data for the neutral density filter as about 
7DU or 3% has a significant impact on ozone calculations when using proper 
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correction for the neutral density filter as the filter has a spectral temperature 
dependence [Savastiouk, 2006].  
 
2.6.3 Calculating Ratio 
Fi values have been corrected for the dark count, the dead time, the temperature, the 
neutral density filter attenuation and Rayleigh scattering. The four sets of first ratios 
of intensities from slits 2 to 6, called single ratios are determined as: 
R1=F5-F2      (2.17) 
R2=F5-F3     (2.18) 
R3=F5-F4     (2.19) 
R4=F6-F5     (2.20) 
Combining single ratios forms two higher ratios, called double ratios: 
 
R5=R1-(3.2R4)    (2.21) 
R6=R2-(0.5R3)-(1.7R4)   (2.22) 
 
Double ratios can be expressed in intensities form: 
 
R5=-F2+ (4.2F5)-(3.2F6)   (2.23) 
R6=-F3+ (0.5F4) + (2.2F5)-(1.7F6)  (2.24) 
 
The constant factors in equation (2.23) and (2.24), called standard weighting 
coefficients, are used in the standard algorithm for ozone and sulphur dioxide 
calculations with all Brewers around the world. One of the issues this thesis will 
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explain is the validity of using a single set of weighting functions for all 
instruments. 
 
Ozone and sulphur dioxide calculation can be rewritten in double ratio form R5, R6, 
which has already been corrected for the dark count, the dead time, the temperature, 
the neutral density filter attenuation and Rayleigh scattering as: 
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It is clear that since 2000 Brewers #172 and #075 have been well-maintained at an 
optimal level for determining relevant parameters. Therefore, the direct sun 
measurement made by Brewers can be applied to Beer’s law for the AOD retrieval.  
The methodology for the Brewer AOD retrieval is described in chapter 3. 
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Summary 
- There are three versions of Brewers which are MKII, MKIII, and 
MKIV. The MKIII is accepted as being significantly superior to the 
MKII and MKIV for the measurement of solar radiation and ozone 
in the UV region of the spectrum. 
 
- Operational requirement and quality control for the Brewer 
spectrophotometer are the high voltage test, standard lamp intensity, 
shutter-motor timing test, run/stop ratios, photomultiplier dead 
times, R ratios, sun scan, and dispersion test. 
 
- Brewer spectrophotometer with standard weighting functions are 
widely used for ozone and sulphur dioxide calculation, however, the 
most accurate measurement of ozone and sulphur dioxide was found 
when the specific weighting functions are applied. 
 
- Two Brewers were used in this study :  
o Firstly, Brewer #172 (MKIII) has been installed on the 
rooftop laboratory of the Pariser Building of The University 
of Manchester, located in the city centre area of Manchester 
(53°.47′ N, 2°.23′W), since the summer of 2000.   
o Secondly, Brewer #075 (MKIV) has been operational on the 
rooftop of the meteorological building of University of 
Reading (51°.44′ N, 0°.94′W) since 2000.  
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3 Methodology for Aerosol Optical Depth Calculation 
In the first part of this chapter, raw data obtained from the Brewer has been 
processed for the retrieval of the AOD. The raw data used for the AOD calculation 
is subject to the following conditions: the ozone and sulphur dioxide from the 
Brewer were available and compared with the Brewer software criteria for 
acceptable direct sun data; an air mass of less than 4 for the UK sites and an air 
mass in the range of 1.2 to 2.2 in Kuala Lumpur, Malaysia and on a clear sky day. 
The methodology employed to select a clear sky day and the methodology applied 
for Brewer AOD calculations are also discussed in detail. 
 
3.1 Methodology for Selecting a Clear Sky Day  
As mentioned above, Brewer AOD calculations in this study are performed on a 
clear sky day, as cloud cover has been observed to falsely increase apparent aerosol 
concentration by as much as 5% [Kaufman and Koren, 2006]. In general, the most 
common method of monitoring a clear sky day is derived from cloud cover 
observations, measured in Okta. When the sky is fully covered by clouds, cloud 
cover is defined as eight Okta, whereas a sky with no cloud cover is recorded as 
zero Okta. Unfortunately, this study does not have a record of clear sky data. 
Nonetheless, because of the variation in the intensity of the sun's radiation during 
the day, the direct sun measurements (individual DS measurement), taken 5 times in 
about 3 minutes every 30 minutes from the Brewer on a clear sky, day can be 
expressed as in Figure 3.1.  
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Figure 3.1:The diurnal variation in spectral direct sun at five wavelengths during a clear sky 
day on 16th July 2006, in Manchester. 
 
From the data in Figure 3.1, it is apparent that maximum intensity of direct sunlight 
was observed at 320nm, relative to the other wavelengths. Therefore, this study uses 
the plot of individual DS measurements at 320nm versus time during the course of 
the day to define a clear sky, which is represented by the smooth parabolic curve. 
 
3.2 AOD Calculation by Using Brewer 
As mentioned in chapter 2, once Beer’s law has been used to complete ozone and 
sulphur dioxide calculations, the AOD calculation for each wavelength can be 
rearranged to the form shown in equation 3.1:  
 
m/)XmXInFInF( 23 SOrOi0ia λλλλ µγ−τ−µσ−−=τ   (3.1) 
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To determine the AOD in equation 3.1, raw count (direct sun) parameters, ozone 
and sulphur dioxide parameters are known primarily as output data obtained from 
Brewer. Whereas air mass, Rayleigh scattering, Extra Terrestrial Coefficients 
(ETC), and ozone and sulphur dioxide absorption coefficients are the unknown 
parameters, which can be obtained as demonstrated below: 
 
3.2.1 Air Mass Factor 
The air mass factor is defined as the ratio of the optical path along the oblique 
trajectory (ds) to the vertical path in the zenith direction (dz). To derive the 
analytical formula of air mass factor for the length of the altitude by height over the 
earth surface (Figure 3.2), following the sine law the zenith angle can be expressed 
as: 
EE R
sin
hR
sin α
=
+
θ
    (3.2) 
 
        
 
Figure 3.2: Calculating air mass factor. 
Chapter 3 ____________        Methodology for Aerosol Optical Depth Calculation        
 115 
 
The layer is considered being relatively thin therefore the shaded triangle in Figure 
3.2 is a right angle triangle. Then 
 
α= cosdsdz  or α= sec
dz
ds
    (3.3) 
 
According to equation (3.3), therefore  
 
hR
sinR
sin
E
E
+
θ
=α      (3.4) 
 
1cossin 22 =α+α      (3.5) 
   
Thus   
α
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The air mass for a given solar zenith angle θ are calculated as follows: 
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

+
θ
−
=α
               (3.7) 
  
when  ER    is the radius of the earth (6730 km) 
h    is the effective altitude where attenuation occurs (h = 22km 
above the Earth’s surface for ozone and h = 5km for Rayleigh 
and aerosol) 
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The current study found that the profile of the aerosol concentration is at 2km in 
Manchester [Ricketts, 2009]. Nevertheless, the difference between AOD using 2km 
and 5km of aerosol concentration was about 0-0.71%. It appears to make little 
difference to the Brewer AOD retrieval whether 2km or 5km is used. Importantly, it 
has been suggested that the uncertainty in the AOD calculation increases with 
increasing air mass factor. Therefore, in this study the suitable air mass range 
applied was less than 4 [Arola and Koskela, 2004] for UK sites, whereas air mass 
was in the range of 1.2 to 2.2 employed for Malaysia, which is located in the tropics 
[Slusser et al., 1999]. 
 
3.2.2 Rayleigh Scattering 
In reviewing the literature, Rayleigh scattering is used to describe light scattering by 
molecules less than a wavelength in size. It was calculated for each wavelength 
using the approximated expression of Bucholtz [1995] by the following equation:  
 
( )λ+λ+−
λ λ=τ /09426.0389.06772.3r 008659.0    (3.8) 
     
when λ    is wavelength (µ m) 
 
3.2.3 Extra Terrestrial Coefficient (ETC) 
The Extra Terrestrial Coefficient (ETC) is the most important parameter for 
obtaining the Brewer AOD. The calibration method used to obtain ETC has to be 
performed on a cloudless day and in stable atmosphere, increasing the possibility of 
optimum conditions for accurate measurements to be obtained. This is usually done 
on Mauna Loa, which has excellent weather conditions, by using the Langley Plot 
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Method (LPM). The LPM is normally used for the calibration of ground-based 
instruments [Komhyr et al., 1989]. It is known from Beer's law that the direct-Sun 
radiance ( )I  is related to the solar extraterrestrial radiance ( )ETC  and the 
atmospheric optical depth ( )τ  by the following equation: 
     
τ−
=
me
ETC
I
                (3.9)  
 
By taking the logarithm of the above equation, we obtain: 
 
τ=− mInETCInI                (3.10) 
 
If the assumption is that the atmosphere does not change during the observations, 
the plot of InI versus m is a straight line, so by linear extrapolation 0m = , and we 
obtain ETC. 
 
Due to limited availability of stable atmospheric conditions, only a few Brewers 
have been calibrated this way. The calibrated Brewers are a reference for 
transferring calibration by inter-comparison to Brewer spectrophotometers around 
the world.  
 
3.2.3.1 How to Achieve ETC in Manchester  
The ETC is normally contained in the calibration constants files obtained from the 
Regional Brewer Calibration Center for Europe (RBCC-E). Brewers #172 and #075 
joined the RBCC-E when first fully operational in 2005 (described in detail in 
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chapter 4). This calibration has been held every 2 years since 2003. Therefore, the 
ETC at five wavelengths in Manchester is available from 2005. Fortunately, the 
ETC in year 2004 can be obtained from transferring calibration by inter-comparison 
with Brewer reference #017.  The rest of them can be obtained from average values 
of ETC from years 2004 to 2007 as can be seen in Figure 3.3 and Table 3.1. 
However, estimating the ETC for the years 2002 to 2003 by using average values 
carries some uncertainty to its accuracy as the UV respond files between 2002 and 
2004 indicate a drop in instrument stability. 
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Figure 3.3: The ETC values at five wavelengths obtained from RBCC-E between 
September of 2005 and 2007, and dispersed test in 2004 in Manchester. 
 
Table 3.1: The ETC values at five wavelengths in Manchester between 2000 and 2008.  
Year/λ(nm) 306.3 310.1 313.5 316.7 320 
2000-2003 82516 81511 83667 83800 84112 
2004 82392 81472 83663 83846 84219 
Sep 2005-2006 82176 81107 83254 83356 83632 
Sep 2007-2008 82980 81954 84084 84199 84485 
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Since 2003, the ETC has changed from 0.44-0.56% or 373-464 units. It was found 
that, a change of 500 to 1,000 units in ETC can lead up to a 0.03 to 0.07 change in 
the AOD.  This might be related to the Earth having an elliptical orbit and the 
Brewer software does not accounting for this, resulting in the small values of AOD 
retrieval.  
 
3.2.3.2 How to Achieve ETC in Reading  
In this site the ETC values are also not available before year 2004 as for those in 
Manchester. Although direct sun data made by Brewer #075 in Reading has been 
collected since 2000, the Brewer AOD was only retrieved from 2003 to 2008 as 
direct sun data taken from the Brewer before 2003 was not good enough to present, 
caused by a damaged filter. Therefore, the ETC at five wavelengths of the year 2003 
can be achieved by interpolation from year 2004 to 2007 as can be seen in Figure 
3.4 and from Table 3.2.  
 
 
Figure 3.4: The ETC values at five wavelengths obtained from RBCC-E between 
September of 2005 and 2007, and a dispersed test in 2004 in Reading. 
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Table 3.2: The ETC values at five wavelengths in Reading between 2003 and 2008.  
Year/λ(nm) 306.3 310.1 313.5 316.7 320 
2003 84160 83011 85253 85177 84517 
2004 84807 83657 85870 85770 85087 
Sep 2005-2006 86100 84902 86494 85642 84516 
Sep 2007-2008 87383 86195 87728 86828 85656 
 
As shown from Table 3.2, since 2003 the ETC has changed at 1.35-3.83% or 1139-
3223 units.  
 
3.2.3.3 How to Achieve ETC in Malaysia  
In order to retrieve the ECT values in Malaysia from Brewer #090, a comparison 
with the traveling reference Brewer #017, at the site where the instrument (#090) 
has been operated using side by side measurement to transfer the calibration from 
Brewer Reference to Brewer #090 is required. In this site, the ETC values are 
available from 2006 which is the first year for fully calibration of the AOD. This 
calibration has been done every 2 years so therefore, there is two year of ETC data 
(2006 and 2008) available in Malaysia. It is not possible to investigate the 
significant relationships between ETC and year further because the data is too small. 
However, the UV response files that indicate how stable the instrument is can be 
obtained from 1999 to 2008. As a result, the rest of ETC can be inferred from those 
UV response data files. In Figure 3.5 there is a decrease in counts per second of UV 
response files from 1999 to 2008. As can be seen in Figure 3.5, the difference in UV 
response files at 306nm between 1999 and 2006 was 8.29%. Nonetheless, changes 
in UV may not have much influence to changes in the ETC. For example in 2006 
and 2008, changing in counts per second was about 9% leading to a change in ECT 
of around 46-221 units. Therefore, the ETC values in year 2006 are applied for the 
AOD calculation from 1998 to 2005, as can be seen from the data in Table 3.3. 
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Figure 3.5:  The UV response (counts per second) as a function of wavelengths obtained 
from Brewer #090 between 1999 and 2008 in Malaysia. 
 
As Table 3.3 shows, there is not a significant difference between the ETC year 2006 
and year 2008, with at 0.1-0.28% or 46-221 units. 
 
Table 3.3: The ETC values at five wavelengths in Malaysia between 1998 and 2007.  
Year/λ(nm) 306.3 310.1 313.5 316.7 320 
1998-2005 80995 79541 80864 80170 79166 
2006-2007 80995 79541 80864 80170 79166 
2008 80861 79320 80910 80297 79311 
 
3.3 Ozone and Sulphur Dioxide Absorption Coefficients 
There are two other important parameters, ozone and sulphur dioxide absorption 
coefficients values, which required for AOD calculation. These values are directly 
linked to step number which is linked to wavelength for each slit. The relationship 
between step number and wavelength comes from the dispersion test. Absorption 
coefficients are then chosen by convolution with slit function at those wavelengths. 
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Constant values have been observed since 2004 in Manchester and Reading, and 
2006 in Malaysia. For that reason, using ozone and sulphur dioxide absorption 
coefficients obtained at the RBCC-E inter-Brewer-comparison from the last 
calibration at both the UK sites have no impact on the retrieval of the AOD in other 
years. While, in Malaysia ozone and sulphur dioxide absorption coefficients 
obtained from inter-comparison with reference Brewer #017 in 2006 were applied. 
Ozone and sulphur dioxide absorption coefficients are shown in Tables 3.4-3.5.  
 
Table 3.4: Ozone absorption coefficients at five wavelengths form 3 sites. 
Site/λ(nm) 306.3 310.1 313.5 316.7 320.0 
Manchester 1.7803 1.0050 0.6769 0.3749 0.2946 
Reading 1.7799 1.0045 0.6758 0.3752 0.2931 
Malaysia 1.7751 1.0039 0.6746 0.3752 0.2916 
 
Table 3.5: Sulphur dioxide absorption coefficients at five wavelengths form 3 sites. 
Site/λ(nm) 306.3 310.1 313.5 316.7 320.0 
Manchester 6.6773 1.9999 1.7988 0.9905 0.5472 
Reading 6.6685 2.0242 1.7876 0.9909 0.5317 
Malaysia 6.7471 2.0465 1.7429 1.0000 0.5157 
 
It is clear that the direct sun measurement made by the Brewer can apply to Beer’s 
law for determining the AOD in the UV range. The accuracy of Brewer AOD in the 
UVB has recently been revealed. However, the validation of Brewer AOD retrieval 
with other sources is imperative for conformation of instrument stability. Therefore, 
the next chapter demonstrates the investigation of using standard weighing functions 
and specific weighing functions, and comparison of the Brewers #172 and #075 
AOD retrieval with Reference Brewers #017 and #185 AOD, and independent 
instruments.  
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Summary 
- Brewer AOD was determined under the following conditions: 
o Firstly, clear sky days. 
o Secondly, the ozone and sulphur dioxide from the Brewer 
were available and complied with the Brewer software 
criteria for acceptable direct sun data. 
o Thirdly, an air mass range applied was less than 4 for 
Manchester and Reading, and inbetween 1.2 to 2.2 for 
Malaysia  
- In calculating AOD, ETC, ozone and sulphur dioxide absorption 
coefficients are required. 
- The ETC at five wavelengths obtained as: 
o Manchester  
 From 2005 to 2008 collected from the calibration 
constants files whilst in 2004 can be obtained by 
calculation from a inter-comparion. From 2000 to 
2003, it can be obtained from average values of ETC 
from year 2004 to 2007.  
o Reading 
 Like the ETC obtained in Manchester from 2004 to 2008, 
but in 2003, it can be achieved by interpolation from 
year 2004 to 2007.  
o Malaysia 
 From 2006 to 2007 collected from the calibration 
constants files whilst from 2000 to 2003, it can be 
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obtained from the calibration constants files from 
2006.  
- Ozone and sulphur dioxide absorption coefficients at five wavelengths 
obtained at the RBCC-E inter-Brewer-comparison from the last 
calibration were applied at both the UK sites. 
- Ozone and sulphur dioxide absorption coefficients obtained from 
inter-comparison with reference Brewer #017 in 2006 were applied 
in Malaysia.  
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4  Validations and Propagation of Uncertainly 
This section investigates the impact of the specific weighting functions on ozone, 
sulphur dioxide and AOD. It also gives an explanation of the validation of AOD 
obtained from Brewers #172 and #075 by comparison with the AOD obtained from 
the Regional Brewer Calibration Center for Europe (RBCC-E) reference Brewer 
#185, the traveling reference Brewer #017 and independent instruments. The 
calibrations of the Brewers to that of the RBCC-E reference Brewer #185 and 
traveling reference Brewer #017 were performed in the fourth RBCC-E 
intercomparison in Spain. The comparisons with AOD obtained from independent 
instruments, a Photodiode Array (PDA), measuring direct sun data and, Microtops II 
C were performed on the rooftop laboratory of the Pariser Building of The 
University of Manchester. The methodologies used in undertaking AOD validation 
are discussed in detail.  
 
4.1 Investigation and Impact of Specific Weighting Functions 
The total ozone amount in a vertical column of atmosphere is determined by 
comparing the intensity of solar radiation that has passed through the atmosphere at 
four wavelengths in the UV and either been strongly or weakly absorbed by ozone. 
The ozone value is then derived by a differential analysis of the Beer Lambert Law 
applied to each of the wavelengths with the equation for each wavelength weighted 
to minimise the effect of sulphur dioxide and aerosols. The weighting for each 
wavelength determines the standard weighting functions (Explained in detail in 
chapter 3). Initially, the standard weighting functions were determined for one 
instrument but the same set has come to be used by all instruments worldwide as 
part of the Brewer algorithm, even though the dispersion characteristics and 
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measurement wavelengths may be different [Rimmer et al., 2008]. Therefore, in this 
section we are aiming to investigate the effect of weighting functions calculated 
specifically for one instrument, known as specific weighting functions, on ozone, 
sulphur dioxide and AOD. For our investigation direct sun data from 2008 has been 
reprocessed with specific weighting functions (derived in chapter 2) to allow 
calculation of the ozone and sulphur dioxide for Brewer #172 in Manchester. These 
results were compared with the ozone and sulphur dioxide retrieved using the 
standard weighting functions. The data obtained are represented in Figures 4.1- 4.3. 
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Figure 4.1: The differences in the daily mean ozone and sulphur dioxide values calculated 
by the Brewer algorithm using standard weighting functions and specific weighting functions 
for the year 2008. Blue colour represents ozone difference, while Pink colour represents 
sulphur dioxide difference.  
 
The difference is calculated as column ozone and sulphur dioxide from the specific 
weighting functions minus that of the standard set as shown in Figure 4.1. The 
differences for ozone in the months May – September are mainly positive, while the 
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rest of the year they are negative, which may indicate some air mass dependency. In 
support of this, values of ozone difference have a diurnal periodicity which appears 
to be air-mass dependent as can be seen in Figure 4.2. Sulphur dioxide values, on 
the other hand, obtained from Brewer algorithm using specific weighting functions 
are mostly less than those with standard weightings. Importantly, the difference in 
ozone is inversely linked to the difference in sulphur dioxide, which may result in 
minimal overall effect on the retrieval of the AOD. The standard deviation of total 
ozone achieved from the Brewer algorithm using specific weighting functions is 
reduced, which indicates that the Brewer algorithm using specific weighting 
functions improves the total ozone retrieval.  
 
Once the ozone and sulphur dioxide have been determined by using specific 
weighting functions, the AOD could be calculated under the same conditions as for 
that of the Brewer AOD in chapter 3. From the data in Figure 4.1, it is apparent that 
Brewer algorithm using the specific weighting functions compared to the standard 
set has an impact on ozone of 1.00±0.06DU or 0.33% and sulphur dioxide of 
0.43+0.03DU or 26.00% respectively. However, it has negligible impact on AOD 
(≈0.006%) as can be seen from Figure 4.3. Thus, while specific weighting functions 
make a difference to the partitioning of absorption by ozone and sulphur it is 
apparent that no significant differences were observed between AOD obtained from 
Brewer algorithm using standard and specific weighting functions. 
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Figure 4.2: Diurnal variation of mean value of ozone difference between using standard 
and specific weighing functions under the condition of an air-mass of less than 4 and the 
standard variation of ozone values less than 2.5 for clear sky on 13th May in 2008 in 
Manchester. 
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Figure 4.3: Scatter-plots of daily mean values of AOD at 320nm using standard and 
specific weighting functions under the condition of an air-mass of less than 4 for clear sky 
on 13th May in 2008 in Manchester. 
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Since it appears to make little difference to the AOD retrieval whether specific or 
standard weighting functions are used, results hereafter were calculated using the 
standard weighting functions. 
 
4.2 Validation of AOD Obtained From Brewer #172 and #075 with 
the RBCC-E Reference Brewer #185 and the Traveling Reference 
Brewer #017 in Spain 
The first part of the validation process involves the comparison of the AOD 
obtained from Brewer MKIII #172 and MKIV #075 with the AOD obtained from 
the RBCC-E reference Brewer MKIII #185 and travelling reference Brewer MKII 
#017. The RBCC-E reference is based on three MKIII Brewers (the Izaña 
Observatory triad): a Regional Primary Reference (Brewer #157), a Regional 
Secondary Reference (Brewer #185) and a Regional Travelling Reference (Brewer 
#183). These Brewers are calibrated independently with the standard Langley 
method at Izaña Observatory (IZO) and also regularly compared against the World 
Brewer Reference Triad (BRT):  (Brewers #008, #014, and #015) maintained by the 
Meteorological Service of Canada (MSC, Toronto) via the calibration service 
provided by the International Ozone Services (IOS). The MSC revealed the data 
obtained from the BRT to be consistent, with an accuracy  to within 1% maintained 
for over 20 years [Fioletov et al., 2005; McElroy and Hare, 2005]. The Brewer 
#017, on the other hand, has been operated by the IOS and checked regularly against 
BRT, making it a reference source of proven stability. Analysis performed by IOS 
demonstrated that the ozone calculation obtained from the Brewer #017 is consistent 
with BRT to within 0.8% [McElroy et al., 2005]. Because of this accuracy the 
Brewer #017 has become the standard reference for Brewer validation worldwide, 
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used in almost 400 calibrations in 36 countries [McElroy et al., 2005]. However, 
AOD is not a standard measurement and is not usually included in the calibrations. 
This validation against the Brewer #185 and Brewer #017 was part of the fourth 
RBCC-E inter-Brewer-comparison campaign held at the El Arenosillo Atmospheric 
Sounding Station of the "Instituto Nacional de Técnica Aeroespacial" (INTA) in 
Huelva, Spain from September 7th-17th, 2009. During the campaign, seventeen 
Brewers (including Brewer #172 and #075) were operated on the roof of the El 
Arenosillo station (37.10°N, 6.73°W), located 30km east of Huelva city in the 
surroundings of Do˜nana National Park as we can see in Figure 4.4. Surveys such as 
that conducted by Toledana et al [2007] have shown that this site has excellent 
weather conditions, with 156 days of clear sky and 2998 hours of sunshine 
throughout the year; increasing the likelihood of optimum weather conditions for 
accurate measurements to be obtained by the Brewers. 
 
 
 
Figure 4.4: Seventeen Brewers were installed on the rooftop of El Arenosillo Atmospheric 
Sounding Station of the "Instituto Nacional de Técnica Aeroespacial" (INTA) in Huelva, 
Spain from September 7th-17th, 2009. 
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AODs for Brewers #185, #017, #075, and #172 were retrieved from Brewer 
software using standard weighting coefficients (methodology for Brewer AOD 
calculation was explained in detail in chapter 3) under the following conditions: 
firstly, clear sky. Secondly, the ozone and sulphur dioxide from the Brewer were 
available and complied with the Brewer software criteria for acceptable direct sun 
data, and lastly, an air-mass of less than 4. The data obtained are compared in 
(Figures 4.5 (a) and (b)). 
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Figure 4.5: (a) Scatter-plots of daily mean values of AOD measurements between Brewers 
#185 and #172 during the fourth Regional Brewer Calibration Center for Europe (RBCC-E) 
inter-Brewer-comparison campaign in Huelva, Spain from September 7th-17th, 2009. (b) The 
some information for Brewer #075. The error bars represent the standard derivation of the 
Brewer AOD distribution. 
 
We found a fault in the commercial software which has since been corrected and 
was presented as a poster session at the 10th Biennial Brewer Workshop in 
Northwick, United Kingdom, 2007 [Kumharn et al., 2007] . In calculating AOD 
logarithms are used (loge, or ln) and the current internal Brewer software uses log10, 
therefore, according to equation 3.2. 
Chapter 4____________      _              Validations and Propagation of Uncertainly        
 132 
 
( )mXXmexpII aSoO,r,0 23 λλλλλλ τ−µγ−µα−τ−=        (4.1) 
 
( )mXXmexplogIlogIlog aSoOr10,01010 23 λλλλλλ τ−µγ−µα−τ−+=  
 
When: )10ln(
elog
1
10
=  
 
( ) 10ln*)IlogI(logmXm 10010aSoOr 23 −=τ−µγ−Χµα−τ λλλλ     (4.2) 
 
Thus:    AOD=AODBrewer software*ln(10)   (4.3) 
 
As can be seen in the above equations, the internal Brewer software needs to correct 
the Brewer measurements by ln(10) to give true values. In the older version of the 
internal Brewer software this correction was not in place, therefore, the Manchester 
university Brewer software was replaced in 2007. However, the software of Brewer 
#185 in Spain was not updated; therefore, the data obtained from the instruments are 
different as can be seen in Figures 4.5 (a) and (b). If Brewer #185 software is 
replaced with AOD#185*In (10), as it should be, then the agreement between the two 
data improves dramatically as in Figures 4.6 (a) and (b). 
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Figure 4.6: (a) Scatter-plots of daily mean values of AOD measurements between Brewers 
#185*ln(10) and #172 during the fourth Regional Brewer Calibration Center for Europe 
(RBCC-E) inter-Brewer-comparison campaign in Huelva, Spain from September 7th-17th, 
2009. (b) The some information for Brewer #075. The error bars represent the standard 
derivation of the Brewer AOD distribution. 
 
Having corrected the Internal Brewer software for Brewer #185, the three 
instruments agree very well, with a correlation coefficient of 0.98 for Brewer #185 
and #172 and 0.99 for Brewer #185 and #075. From the data in Figure 4.6 (a), the 
result revealed that the difference in AOD obtained from two instruments (Brewer 
#185 and #172) is about 13%, with Brewer #172 giving higher results. As shown in 
Figure 4.6 (b), the difference in AOD obtained from two instruments (Brewer #185 
and #075) is about 20%, with Brewer #075 giving higher results. A similar 
comparison with Brewer# 017 is shown in Figure 4.7.  
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Figure 4.7:  (a) Scatter-plots of daily mean values of AOD measurements between Brewers 
#017 and #172 during the fourth Regional Brewer Calibration Center for Europe (RBCC-E) 
inter-Brewer-comparison campaign in Huelva, Spain from September 7th-17th, 2009. (b) The 
some information for Brewer #075. The error bars represent the standard derivation of the 
Brewer AOD distribution. 
 
From the data in Figure 4.7 (a), there was a significant positive correlation between 
Brewer #017 and #172 AODs, with a correlation coefficient of 0.99. A comparison 
of the two results reveals a slight difference between AOD obtained from two 
instruments (Brewer #017 and #172) of about 6%, with Brewer #017 giving higher 
results. As shown in Figure 4.7 (b), it is apparent that a positive correlation was also 
found between Brewer #017 and #075 AODs, with correlation coefficient of 0.96. 
Comparing the results, it can be seen that the difference between AOD obtained 
from two instruments (Brewer #017 and #075) is about 10%, with Brewer #075 
giving higher results.  
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Figure 4.8: Daily variation of mean value of AOD obtained from Brewers #185, #017, #075 
and #172 during the fourth Regional Brewer Calibration Center for Europe (RBCC-E) inter-
Brewer-comparison campaign in Spain on the clear sky day of 11th September 2009. 
 
The values of AOD obtained from Brewer #172 and #017 are in good agreement but 
Brewer #075 gives the higher values and Brewer #185 gives the lower values. This 
difference behaves as a clear offset. It is probably down to an insignificant 
calibration error for ozone which is amplified for the AOD as it is an absolute 
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measurement and just the residual when everything else is accounted for. 
Nevertheless throughout the day no significant differences in AOD patterns during 
the day were observed between four instruments (Figure 4.8). Additionally, it was 
found that AOD values were higher in the afternoon and lower at the beginning and 
end of the day. Importantly, aerosol loadings are caused by a systematic diurnal 
aerosol cycle. An industrial estates is a main source of aerosol particles, located 
about 30Km in the north–west from the site [Toledano et al., 2007]. This could also 
be due to increasing intensity of solar radiation through the early afternoon hours, 
owing to the associated higher air temperature, lower relative humidity and higher 
wind speed at midday.  
 
4.3 Validation of Brewer AOD with the Photodiode Array (PDA) 
AOD in Manchester 
Validation of the AOD using the Brewer spectrophotometer was also addressed 
through a comparison with independent measurements of the AOD obtained from a 
photodiode array spectroradiometer (PDA) attached to a direct sun optic in 
Manchester as can be seen in Figure 4.9. The Brewer uses direct sun measurements 
to produce its products (ozone, and sulphur dioxide) using a series of ratios, whilst 
not requiring absolute calibration of the direct sun spectrum. In contrast, the PDA 
direct sun data is absolutely calibrated and uses a custom-built Sun-tracker to with a 
narrow field of view ( )o1  optic at the solar disc to get a direct sun measurement. 
This field of view is smaller than that of the Brewer (3 deg). 
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Figure 4.9: Sun-tracker was installed on the rooftop laboratory of the Pariser Building of 
The University of Manchester from 13th June to 3rd September of 2008. 
 
The PDA comprises of a monochromator made of ceramic and glass- diffraction 
gratings have previously been photoinduced in glass-ceramics by UV exposure, 
followed by chemical etching, thermal treatment or both. It has a rapid response 
time and uses a Hamamatsu 512 pixel diode array detector with a spectral resolution 
of 0.85nm with a full width at half maximum (FWHM) of 2.1nm. The PDA, 
installed on the rooftop laboratory of the Pariser Building of The University of 
Manchester from 13th June to 3rd  September of 2008, sampled from 290 to 700nm 
with 4 integration times (20, 40, 200 and 800ms) to account for the range of 
intensities across the spectrum and throughout the day. The absolute calibration was 
performed on 17th June 2008 against a NIST traceable standard lamp. A spectral was 
gathered every 10s with a resolution of 0.5nm. 
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The first step of the PDA AOD derivation process is the absolute measurement of 
direct sun data which is then checked by SHICrivm Software package 
[http://www.rivm.nl]. This package is now widely used to compensate for minor 
wavelength misalignments in the measured spectrum and map the data onto a 
standard slit function, in addition to providing other quality control indicators 
[Slaper et al., 1995]. Additional factors such as the extraterrestrial spectrum, 
Rayleigh scattering, ozone and sulphur dioxide which affect the PDA AOD 
calculation also need to be considered to allow calculation of the AOD. The 
extraterrestrial solar flux at five different wavelengths (306.0, 310.0, 313.5, 316.5, 
and 320.0nm) was collected from the Atlas 2 spectrum (shifted to air wavelengths) 
provided by Bernhard Mayer at IibRadtran website [http://www.libradtran.org] and 
is shown in Table 4.1. 
 
Table 4.1: An extraterrestrial spectrum at five different wavelengths (collected from the 
Atlas 2 spectrum provided by Bernhard Mayer at IibRadtran website).  
Wavelengths(nm) 306.0 310.0 313.5 316.5 320.0 
Solar flux(w/m^2.nm) 0.519760 0.478489 0.713868 0.708154 0.829439 
 
Secondly, Rayleigh scattering was calculated for each wavelength using the 
approximation expression of Leckner (1978) by the following equation:  
 
( )08.4
0
r P
P0087359.0 −λ λ





=τ     (4.4) 
 
P0   is 1013mb 
             P    is the actual pressure at ground level. 
            λ    is wavelength 
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Lastly, the ozone and sulphur dioxide values in a vertical column were selected 
from Total Ozone Mapping Spectrometer (TOMS) with ozone absorption 
coefficients at temperature K228T =  taken from Molina and Molina [1986] and 
sulphur dioxide absorption coefficients at temperature K228T =  taken from 
Blackie et al [2007] and are given in Table 4.2 respectively.  
 
Table 4.2: Ozone absorption coefficients selected from Molina and Molina and sulphur 
dioxide absorption coefficients taken from Blackie et al. 
 
Wavelengths(nm) 306.0 310.0 313.5 316.5 320.0 
O3 coefficients (cm-1) 4.307261 2.320762 1.65761 0.900414 0.768213 
So2 coefficients (cm-1) 15.37505 4.60494 4.14189 2.280711 1.259975 
  
Unfortunately, sulphur dioxide in a vertical column data is not available from the 
TOMS satellite for the UK site and is therefore not used in this calculation. Initially 
the data from the Brewer was not used to retain complete independence between the 
two processes. It has previously been argued that the total sulphur dioxide in the UV 
range is small enough to be neglected [Gröbner et al., 2001; Marenco et al., 2002].  
However, the observed difference in between PAD AOD calculation using sulphur 
dioxide obtained from Brewer and PDA AOD calculation without sulphur dioxide in 
this study was significant, especially at shorter wavelengths, with about 5% different 
in AOD. 
 
The PDA AOD was obtained by calculation under the same conditions as for that of 
the Brewer AOD. The direct sun data taken from the PDA at 306.0, 310.0, 313.5, 
316.5 and 320.0nm Beer’s law applied in the form, [Marenco et al., 2002]: 
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)(exp(00 τλλ mEII nn −=     (4.5) 
 
λnI     is the irradiance at wavelength λ  at the Earth’s surface(W/m2) 
λnI 0    is the extraterrestrial irradiance of the sun (W/m2) 
0E     is the eccentricity correction factor 
m      is the air-mass factor for an ozone and sulphur dioxide layer of  
    height 22Km and aerosol layer of 5Km.  
τ       is the total optical depth. 
 
The total optical depth can be expressed as: 
 
    
2soroa
τ+τ+τ+τ=τ      (4.6) 
 
  oτ    is  the ozone optical depth 
  
2so
τ    is the sulphur dioxide optical depth 
  rτ     is the Raleigh optical depth 
aτ      is the aerosol optical depth 
 
With the aerosol optical depth expressed as: 
 
2so
roa τ−τ−τ−τ=τ      (4.7) 
 
The PDA AOD is represented in Figures 4.10 and 4.11. 
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Figure 4.10: Scatter-plots of the simultaneous AOD measurements between PDA and 
Brewer #172 on the rooftop laboratory of the Pariser Building of The University of 
Manchester on 16th June of 2008, Manchester. The error bars represent the standard 
derivation of the AOD distribution.  
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Figure 4.11: Daily variation of mean value of AOD obtained from Brewer #172 and PDA on 
the rooftop laboratory of the Pariser Building of The University of Manchester on 16th June 
of 2008, Manchester. The error bars represent the standard derivation of the AOD 
distribution. 
 
Figure 4.10 shows there is a linear relation between the values of Brewer #172 AOD 
and those of the PDA AOD at Manchester with correlation coefficients of 0.73, 
0.73, 0.75, 0.78 and 0.73 at 306, 310, 313, 316, and 320nm, respectively. It was 
found that the daytime AOD patterns between the two instruments were similar, 
although the AOD figures retrieved by the Brewer were higher, particularly in the 
morning / at higher levels, as can be seen in Figure 4.11. The difference in the AOD 
between two instruments can be caused by: firstly, the lack of sulphur dioxide data 
in the PDA AOD retrieval. To test this effect the sulphur dioxide from the Brewer 
was added to the PDA algorithm for AOD retrieval. It was found that the effect of 
using sulphur dioxide from Brewer is insignificant in shorter wavelengths. While 
this is no longer a totally independent method of measurement, it gives an indication 
of the magnitude of uncertainty incurred by ignoring sulphur dioxide. Secondly, the 
ozone data were obtained from different sources for the two retrievals, with the 
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difference in ozone between two sources at 3.39%. If both ozone and sulphur 
dioxide are taken from the Brewer and used in the PDA algorithm, the differences 
from the independent PDA retrieval are in the range of 0.05-0.009 at 306.3, 310.1, 
313.5, 316.8, and 320.1nm. In addition, the Brewer calculates AOD from each direct 
sun measurement and so has a real time ozone value, whereas the single TOMS 
overpass has to be used for the entire PDA data. Lastly, direct sun measurement in 
the UV range is challenging because of the weak signals involved and the large 
dynamic range of the measured radiation; largely at lower wavelengths [Gröbner et 
al., 2001]. The weak signal at short wavelengths also applies to the calibration lamp 
and is a problem in calibration, with +15% for the combination of the uncertainty in 
the absolute calibration of the PDA at wavelengths shorter than 320mn [Bais et al., 
2005; Pissulla et al., 2009]. Importantly, a change of 0.01 in AOD can lead up to 10 
w/m2 of direct sun measurement difference made by Sunphotometer  [Kaskaoutis et 
al., 2006], and the inverse would also apply.   
 
4.4 Validation of Brewer AOD with Microtops II C in Manchester 
The last validation of Brewer AOD in this study was achieved by comparison with a 
Microtopsll C. Microtopsll C is a 5-channel hand-held sun photometer with central 
wavelengths of 340, 380, 440, 500, and 675nm (with 2.5nm FWHM), designed to 
allow quick and inexpensive measurements of the total ozone column, water vapour 
column and AOD. The AOD obtained by the MictropII C at five different 
wavelengths is literally determined by using the Beer’s law, which is as follows 
[Porter et al., 2001]:  
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( )mmmInVInV
m
1
rgoo0 3 τ−τ−τ−−=τ λ   (4.8) 
 
Where λ0V  is the extraterrestrial constant 
λV  is the direct sun intensity (mV) 
m  is the air-mass factor for aerosol layer of 5Km 
om  is the air-mass factor for an ozone of    22Km 
gτ        is the trace gas optical depth 
3o
τ  is the ozone optical depth 
rτ   is the Rayleigh optical depth 
P   is station pressure 
0P   is standard sea-level pressure (1013.25mB)  
 
The extraterrestrial constant at each wavelength are either derived by Langley Plot 
Method (LMP) at the Mauna Loa Observatory, Hawaii or simultaneous comparison 
with a reference Sunphotometer that was calibrated at Mauna Loa.  
 
This instrument is manually operated and gives a direct readout of the AOD values 
– the calculations are internal to the instrument with no user input. As the Brewer 
has been extensively used within the UV ranges of 306.3, 310.1, 313.5, 316.8, and 
320.1nm, this validation focuses on selecting AOD data at wavelengths of 340nm 
from the MicrotopsII C compared with the Brewer AOD at 320nm as they provide 
the closest comparison possible. The AOD from both instruments is represented in 
Figures 4.12 and 4.13:  
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Figure 4.12: Scatter-plots of the simultaneous AOD measurements between MicrotopII C 
and Brewer #172 on the rooftop laboratory of the Pariser Building of The University of 
Manchester, Manchester. The error bars represent the standard derivation of the AOD 
distribution.  
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Figure 4.13: Daily variation of mean value of AOD obtained from Brewer #172 and 
MicrotopII C on the rooftop laboratory of the Pariser Building of The University of 
Manchester, Manchester. The error bars represent the standard derivation of the AOD 
distribution. 
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As illustrated in Figure 4.12, there is a linear relation between the values of Brewer 
#172 AOD and the MicrotopII C AOD in Manchester with a correlation coefficient 
of 0.75. As can be seen from Figure 4.13, there is a slight difference between the 
daytime AOD patterns between the two instruments. It was found that the AOD 
figures retrieved by the MicrotopII C were lower. This is because the AOD 
generally decreases rapidly as λ increases according to Angstrom’s equation and is 
much smaller for long wavelengths radiation than for short wavelengths.  
 
VM is applied to Microtop AOD at 340&380nm in order to obtain α  and β . The 
AOD at 320nm can be determined by applying Angstrom’s theory using those of α  
and β . The results from both instruments were shown in Figure 4.14. 
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Figure 4.14: Scatter-plots of the simultaneous AOD at 320nm calculation from MicrotopII C 
and Brewer #172 on the rooftop laboratory of the Pariser Building of The University of 
Manchester, Manchester. The error bars represent the standard derivation of the AOD 
distribution. 
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4.5 Propagation of Uncertainty 
The Brewer is a complex instrument with many individual sources of error in its 
operation. However, it is designed to be stable and operate reliably over long 
periods of time. Thus, assuming the instrument is well maintained and regularly 
calibrated, and we have faith in its absolute source of calibration (standard Brewer) 
then we can estimate a typical error in the derivation of AOD from the stability 
errors evident in the series of calibrations. 
 
The AOD calculation will be subject to uncertainty resulting from the uncertainties 
in the ozone and sulphur dioxide calculations as well as uncertainties in the total 
extinction as measured by the instrument. Brewer instruments are calibrated for  
ozone and sulphur dioxide by inter-comparison with a reference Brewer and 
assuming this calibration is well maintained by careful operating procedures the 
Brewer will have uncertainties of ~2% and ~10% for ozone and sulphur dioxide 
respectively. These values are determined empirically from the inter-comparison. 
The effect of uncertainties in the Rayleigh coefficients, on the other hand, can lead 
to error of the order of 1% [Savastiouk, 2006]. The uncertainty in the total extinction 
as measured by the instrument will be largely due to the uncertainty of the absolute 
extraterrestrial constant (ETC = 0OInIλ ) passed to the instrument at calibration. Total 
extinction according to Beer’s law is as follows:  
 
τ+µγ+β+µα=− λλλλ mXmXInIInI 23 SOfOff0f  (4.15) 
 
τ+µγ+β+µα=− λλλλ mXmXInIInI 23 SOOOOO0O  (4.16) 
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Where equation 4.15 is the reference Brewer and equation 4.16 is Brewer #172 or 
#075. The inter-comparison forces the aerosol optical depth in both Brewers to be  
equal by using the measured values of ozone and sulphur dioxide and adjusting the 
ETC for the test instrument (i.e. Brewer #172 or #075), which then becomes the new 
constant of calibration. Thus the uncertainty in the test ETC is represented by 
equation 4.17.  
 
( ) ( ) ( )22SO2O mXX)ETC( 23 β∆+µγ∆+µα∆=∆   (4.17) 
 
Then, the uncertainty in the AOD calculation, from the calibrated test instrument is 
expressed by: 
 
( ) ( ) ( ) ( )222SO2O ETCmXX)m( 23 ∆+β∆+µγ∆+µα∆=τ∆  (4.18) 
 
According to equation 4.18, the propagation of individual uncertainty for Brewer 
#017 obtained from the Regional Brewer Calibration Center for Europe (RBCC-E) 
in Spain was equal to +0.23. The mean daily AOD at 320nm for Brewers #17, #172, 
and #075 agreed within 0.03 during the Calibration. This is in agreement with 
Grobner et al [2001] who found that the comparison between Brewer #17 AOD, and 
Brewers #157, #117 and #150 AOD on the rooftop of El Arenosillo Atmospheric 
Sounding Station of the "Instituto Nacional de Técnica Aeroespacial" (INTA) in 
Huelva, Spain from September 1st-10th, 1999 agreed  within 0.03. 
 
As mentioned in section 4.2, the difference in the AOD between the reference 
Brewer #017 and our Brewers (#172 and #075) were 6% and 10% respectively. 
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Consequently the propagation of uncertainty for Brewers #172 and #075 are in 
range of +0.24 and +0.25 respectively. 
 
This section set out to validate our Brewers with Reference Brewer #017 and #0185, 
and independent instruments (the PDA and Microtops II C). The results of this 
investigation show that Brewer #172 and #075 are consistent with Brewer #017 and 
#185 at a level suitable for the analysis. Therefore, the instruments are suitable for 
measurement of AOD which are given in chapter 5.  
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Summary 
- It appears to make little difference to the Brewer AOD retrieval 
whether specific or standard weighting functions are used. 
 
- AOD obtained from Brewers #172 and #075 was consistent with 
those of Brewer AOD obtained from standard Brewers #185 and 
Brewer #017.  
 
- AOD obtained from Brewers #172 and #075 was in qualitative 
agreement with independent measurements of the AOD obtained 
from PDA and Microtops II but absolute values differed, possibly 
due to different methods and input values for the retrievals, and the 
intrinsic uncertainties of the different methods. 
 
- Propagation of uncertainly for the Brewer #172 and 075 compared 
with Brewer #017 are +0.24 and +0.25 respectively. 
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5  The Results and Discussions of Aerosol Optical Depth for 
the UK and Malaysian Sites 
This section presents the results and discussions of a climatological study of AOD in 
temperate and tropical regions. The results of this study were obtained using 
standard weighting functions. As mentioned in chapter 4, Brewer AOD retrieval 
from Brewer #172 and #075 were in a good agreement with AOD obtained from the 
RBCC-E reference Brewer #185, Reference travelling Brewer (Brewer #017) and 
independent instruments (PAD and MicrotopsII C). Having investigated and 
validated the Brewer spectrophotometer as a source of UV AOD data, AOD was 
determined from the two Brewers situated in Manchester and Reading for the full 
length of the existing data sets. To contrast with this, raw Brewer data (B files) were 
obtained from an instrument in Kuala Lumpur operated by the Malaysian 
Meteorological Service, to allow comparison with AOD climatology of the tropics. 
Both the underlying climate and the sources of aerosol are expected to differ 
considerably between the UK and the tropics, producing quite different AOD 
values.  
 
5.1 Brewer AOD Retrieval in Manchester 
As demonstrated in chapter 4, the Brewer algorithm using specific weighting 
functions can improve the precision of ozone and sulphur dioxide retrievals. 
However, it was demonstrated that using weighting functions had little impact on 
the AOD retrieval. Therefore, in this study the Brewer AOD was determined by 
using standard weighting functions from 2000 to 2008. Data analysis was limited to 
clear sky days, which were determined as detailed in chapter 3, and to an air mass 
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less than 4. First, the magnitudes of the different components of attenuation are 
illustrated. 
 
0
0.5
1
1.5
2
2.5
3
3.5
306 308 310 312 314 316 318 320
Wavelength(nm)
O
pt
ic
a
l d
e
pt
h
O3 So2 Rayleigh Total AOD
  
 
Figure 5.1: The Optical depth values as a function of wavelength under condition of an air-
mass of 1.017 for clear sky on 6th June in 2006 in Manchester. 
 
As we can see from Figure 5.1, there are four important optical depths attenuating 
the direct sun measurements in the UV; ozone, sulphur dioxide, Rayleigh scattering 
and aerosols. Firstly, ozone wavelength dependence is determined by the ozone 
absorption spectrum (mentioned in chapter 4). Secondly, the Rayleigh optical depth 
is a function of wavelength with a general trend of decreasing optical depth with 
increasing wavelength. Thirdly, the sulphur dioxide optical depth shows a slight 
decrease with increasing wavelength but it is a very tiny value compared to other 
optical depths and, as a result, several studies have revealed that its impact has been 
negligible for the retrieval of AOD [Gröbner et al., 2001; Marenco et al., 2002]. 
This was confirmed by the work in chapter 4 which revealed that the effect of 
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sulphur dioxide was limited to the longest wavelength (320nm) and anyway had 
little impact (<5%) at longer wavelengths on Brewer AOD retrieval in the urban 
area. Lastly, the AOD is wavelength dependent, and expected to decrease with 
increasing wavelength according to Angstrom’s equation. However, Kirchhoff et al 
[2002] using the Brewer measurements, suggested that on some occasions AOD 
increases, or appears to increase with increasing wavelength, especially within the 
UV range [Cachorro et al., 1989; Jacovides et al., 2000; Kirchhoff et al., 2002; 
Marenco et al., 1997; Silva and Kirchhoff, 2004a] . 
 
The AOD for all clear sky days in Manchester are presented in Figure 5.2 as mean 
values for each day, within the specified air mass limit. Note that the instrument was 
not installed until mid-2000, and was not operational during the winter/spring of 
2004/5. The number of clear days varies with year, and 2003 was the last notably 
good summer experienced in the UK. 
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Figure 5.2: Daily mean values of AOD (at 320.1nm) obtained from Brewer using standard 
weighting functions during clear sky days and an air mass of less than 4 in Manchester 
between 2000 and 2008. The error bars represent the standard deviation of Brewer AOD. 
 
There are few data in the winter months, but for years with clear days across a good 
range of months (e.g. 2003, 2007) there is some indication that higher values of 
AOD are found in mid-summer months. Certainly daily mean AOD in early and late 
parts of the year are generally less than 1.0, as can be seen in Figure 5.2. The 
number of clear sky days and the average of AOD obtained from 2000 to 2008 are 
listed in Table 5.1.   
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Table 5.1: The number of clear sky days and the average of AOD values (at 320.1nm) in 
Manchester between the summer of 2000 and 2008. 
Year clear sky Average 
2008 22 1.13±0.08 
2007 38 0.74±0.30 
2006 52 0.78±0.20 
2005 17 0.93±0.47 
2004 27 0.69±0.20 
2003 82 0.72±0.13 
2002 40 0.83+0.11 
2001 17 0.96+0.07 
2000 7 0.75+0.01 
Average 36.88 * 0.84+0.05 
*The average excludes yeas 2000 as the instrument has been operated since the end of 
June 2000 therefore a full year of data in 2000 was not available. 
 
The number of clear days per annum (determination of a clear sky day was 
described in chapter 3) is changeable, reflecting the inter-annual variability of the 
climate. Other days provide periods of cloud free sun, enabling AOD measurements, 
but completely clear days were selected for further analysis to enable diurnal 
changes as well as seasonal changes to be explored.  
 
First we look at the typical AOD likely to be experienced on clear days in 
Manchester. 
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Figure 5.3: Frequency of occurrence of Brewer AOD (at 320.1nm) using standard weighting 
functions during clear sky days and an air mass of less than 4 in Manchester between 2000 
and 2008. 
 
As illustrated in Figure 5.3, a similar pattern emerges in frequencies of occurrence 
of daily mean AOD at all five wavelengths as one might expect since the total 
waveband covered is small. The lowest AOD interval of 0.00-0.50 occurs most 
frequently; about 46% compared to only 6% for the highest AOD interval of 2.01-
2.50.  
 
While daily mean values provide a general view of AOD, the AOD is not constant 
through the day. Figure 5.4 illustrates a typical diurnal pattern that can be observed 
on clear days. 
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Figure 5.4: The diurnal variation in AOD (at 320.1nm) obtained from Brewer using standard 
weighting functions during clear sky day of 29th July 2007 (summer), 18th February 2007 
(winter), 26th March 2007(spring) and 21st October 2007 (autumn), and an air mass of less 
than 4 in Manchester. 
 
From the data in Figure 5.4, it is apparent that the AOD values on the clear sky day 
of 29th July 200, 18th February 2007 (winter), 26th March 2007(spring) and 21st 
October 2007 (autumn), which is typical of other clear sky days analysed, follow a 
distinct pattern. Values are higher in the morning and late afternoon hours, reaching 
a peak from 9-10am and 2-4pm. This finding is in agreement with those of Martin et 
al [2008] and Williams et al [2000], which demonstrated, by using Condensation 
Particle Counter (CPC) and a Dual Differential Mobility Particle Sizer (DMPS), that 
the concentrations of the ultrafine mode particles in Manchester are higher in the 
morning and afternoon hours, reaching a peak between 9 and 10am. It seems likely 
that these results are due to urban aerosol with transportation being the main source 
of emission. The morning rush hours provide a distinct peak, but then traffic flow is 
not so concentrated in the afternoon. It is encouraging to compare this figure with 
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those of Martin et al., [2008] and Williams et al.,[2000] who found that the ultrafine 
aerosol particles pattern in Manchester were closely related to diurnal traffic and 
human activities (Figure 5.5). 
 
(a) (b) 
Figure 5.5: a) Average diurnal traffic activity for Manchester. b) Average diurnal cycles for 
sensible heat flux for Manchester [Martin et al., 2008]. 
 
Having explored the daily variation in AOD, the annual variation is illustrated by 
using the average monthly AOD for all years together (2000–2008) since there is 
limited data in any one year, particularly in the winter months. 
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Figure 5.6: The monthly variation of mean AOD (at 320.1nm) obtained from Brewer using 
standard weighting functions during clear sky days and an air mass of less than 4 in 
Manchester between 2000 and 2008. The error bars represent standard error of the mean 
for Brewer AOD. 
 
It is apparent in Figure 5.6 that higher values of AOD were found from spring to 
summer (April to August), reaching a peak in June at 1.15±0.10.  
 
Long term (2000 – 2008) daily average values of AOD in Manchester between 2000 
and 2008 are listed in Table 5.2. The individual values vary from 0.12 to 2.26, with 
the minimum value found on 30th of April, whilst the maximum value was found on 
5th of June. The majority of clear sky days occur in summer with the highest number 
of cumulative occurrences of 27 days in August, compared to 3 days in January. 
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Table 5.2: Daily mean of AOD values at 320nm with clear skies and an air-mass of less 
than 4 in Manchester accumulated between 2000 and 2008. Many of the daily means are 
based on a single day, but some, particularly in the summer are averaged across several 
years (max number of days per date = 4). N refers to the total number of individual days 
included in the mean. 
Date Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1 0.61    0.32 0.25 0.62 0.80 1.64 0.31      
2       0.42 0.82 1.54   0.45         
3        1.24   1.03 0.41 0.62      
4 0.15   0.42 1.63 1.44 1.30   1.24         
5    0.37 0.95 0.46 2.26 0.81 1.75 1.11 0.25    
6       0.33 0.77 1.02   1.25         
7 0.41    0.27 1.06 0.66 1.22 0.78 0.94      
8       0.36 0.90 1.11 1.11 0.72 0.35 1.40     
9        1.09 0.49 1.01 1.59 0.21 0.18    
10       1.19 0.62 0.80   1.59 0.16 0.35     
11      1.09 0.31   1.19 1.06 0.84      
12         0.39   0.75 0.75 1.11 0.38     
13    0.27 1.22 0.43 0.70 0.44   0.36      
14   0.21 0.39 1.18 0.53 0.78 0.49 1.28 0.40 0.76     
15   0.69 0.54 0.53 0.78 1.14 0.47   0.49 0.41    
16   0.30 0.48 0.92 0.73 0.83 0.53 0.96 0.59       
17   1.01 0.46 0.60 1.14   0.13 0.91 0.48      
18     0.62 0.54 0.47 1.96   0.80 1.28 0.60     
19   0.69 0.44    1.11 0.62 0.74       
20       1.77 0.94 1.22 1.35 1.52         
21   0.61 0.34 1.33  1.35 1.03 0.22 0.29      
22   0.64 0.60 1.64   1.14 1.10 0.71         
23    0.55 0.83  2.16 1.18 1.03 0.14      
24   0.43   0.60 1.06 1.13   0.53 0.22       
25   0.38   0.72 0.99 0.91  0.79       
26     0.78 1.50 1.13 1.68   1.47 0.60       
27    0.58   0.85   0.58 0.41 0.24      
28     0.82 1.14     1.50           
29    1.47 1.40 1.33 0.64 0.93 0.94       
30       0.12 1.05 0.98 0.64 0.64         
31     0.87   1.08   1.37           
N 3 10 25 25 26 23 23 27 21 8 - - 
Mean 0.39 0.55 0.59 0.90 0.84 1.15 0.88 0.97 0.54 0.54 - - 
STD 0.23 0.25 0.28 0.49 0.33 0.48 0.35 0.43 0.35 0.39 - - 
Max 0.61 1.01 1.47 1.77 1.44 2.26 1.50 1.75 1.28 1.40 - - 
Min 0.15 0.21 0.27 0.12 0.25 0.49 0.13 0.22 0.14 0.18 - - 
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One explanation for the higher summer AOD might be related to an increase of heat 
convection resulting in an uplift of dust particles from road traffic to the 
atmosphere. Another possible explanation for this is that high pressure governed 
through this period, with dry weather and plenty of sunshine, which keeps dust 
particles in the atmosphere for longer periods as there is no wet deposition. In 
autumn (September to October) and winter values were much lower, particularly in 
January at 0.39±0.13. Unfortunately, in this study it was no appreciable data from 
clear sky days in November and December due to the poor weather conditions. 
However, the AOD values between November and December were likely to be low 
over this period (Table 5.3) as conditions are typically wet (rain out), with cold, 
damp surfaces that decrease re-suspension, and wind would advect aerosol away 
from the city centre source region. 
 
Table 5.3: Single examples for the values of AOD at 320.1nm determined when the skies 
were clear in Manchester between November and December 2008. 
Time Day/Month/Year AOD at 320nm 
12:50:42 25th November 2008 0.24 
12:50:41 26th  December 2008 0.13 
 
Finally, interannual variation is illustrated in Figure 5.7. Figure 5.1 showed the year 
to year differences in the number of clear days, and their distribution that contribute 
to the annual means in Figure 5.7.  
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Figure 5.7: The year to year variation in AOD (at 320.1nm) obtained from Brewer using 
standard weighting functions during clear sky days and an air mass of less than 4 in 
Manchester between 2000 and 2008. The error bars represent standard error of the mean 
for Brewer AOD. 
 
Figure 5.7, shows the annual mean (clear sky) AOD from 2000-2008. While there is 
year to year variation these is no overall trend and considering the uncertainties of 
the measurements, the AOD was essentially constant from 2000 to 2008. The years 
that do show increases (2001, 2005 and 2008) are the 3 years with the smallest 
numbers of clear sky days and the possibility that low sample numbers ( e.g. at one 
time of year) bias the mean. In an attempt to verify these findings, the PM10 
particulate record from Manchester city council is shown in Figure 5.8 
[HeadofEnvironmentalServices, 2007]. This shows data from 1996 to 2008, and 
with the exception of the year 2001, shows a reasonably stable level of PM10 for the 
years 2000 – 2008 which coincide with this study. Given that the Brewer data is 
limited to clear sky days, and excludes the winter months, this concurrence is 
encouraging.  
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Figure 5.8: Yearly mean of long- tern trends PM10 particulate observed in Piccadilly 
Gardens, Manchester between 1996 and 2006. The error bars represent standard error of 
the mean for PM10 concentration [HeadofEnvironmentalServices, 2007]. 
 
5.2 Brewer AOD Retrieval in Reading 
As described in chapter 2, Brewer#075 (MKIV) which is a single monochomator is 
operational on the rooftop of the meteorological building of University of Reading 
(51°.44′ N, 0°.94′W). This Brewer has also been connected with the Regional Brewer 
Calibration Center for Europe (RBCC-E) through inter-Brewer-comparison 
campaigns since 2005 and before that was calibrated by IOS.  As for Manchester, 
the Brewer AOD was retrieved for the years 2003 to 2008 using standard weighting 
functions. The data obtained are represented in Figures 5.9-5.17 and Tables 5.4-5.5 
beginning with an illustration of the clear sky day AOD in each year for the site.  
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Figure 5.9: Daily mean values of AOD at 320nm obtained from Brewer using standard 
weighting functions during clear sky days and an air mass of less than 4 in Reading 
between 2003 and 2008. The error bars represent the standard deviation of the daily mean 
Brewer AOD. 
 
Reading has more clear sky days in the winter months than Manchester, and the lack 
of high AOD values in the winter is more obvious here. The number of clear sky 
days and the average of AOD obtained from 2003 to 2005 are listed in Table 5.4.  
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Table 5.4: The number of clear sky days and the average of AOD values in Reading for the 
years 2003 and 2008. 
Year Number of clear sky days AOD at 320nm 
2008 17 1.02±0.16 
2007 61 0.71±0.15 
2006 51 0.82±0.15 
2005 37 0.91±0.26 
2004 14 0.52±0.09 
2003 30 0.55±0.09 
Average 35 0.76+0.08 
 
With more data in the winter months an annual variation is more easily identified. 
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Figure 5.10: The monthly variation of AOD at 320.1nm obtained from Brewer using 
standard weighting functions during clear sky days and an air mass of less than 4 in 
Reading. Data for each month are averaged over all years from 2003 to 2008. The error 
bars represent standard error of the mean for Brewer AOD. 
 
It is apparent in Figure 5.10 that somewhat higher values of AOD were found from 
April to October, reaching the peak at 0.94±0.17 in September. Whereas, those in 
the winter were lower with minimum at 0.32±0.06 in December. The annual cycle is 
of smaller magnitude, but otherwise consistent with results obtained from 
Manchester, which are explained in detail in section 5.1. At the Reading site, which 
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is 2 degrees further south, and in the SE compared to the NW of the country, it has 
been possible to find clear sky winter days that fit our criteria. In Reading, the 
winter months provide the lowest AOD values, as hypothesised for Manchester. 
Furthermore, there are similarities between the monthly AOD pattern observed in 
this study and those monitored by a Cimel Sunphotometer (at 340nm) at the 
Chilbolton site, as can be seen in Figure 5.11. Data from this Figure also shows 
seasonal variation in the AOD, with the summer to autumn period giving the higher 
values, reaching a maximum in September at 0.96+0.03. The AOD in the winter 
months provide the lower values, reaching a minimum in January at 0.44+ 0.11. 
There are similarities between two sites as both sites have a similar parkland site. 
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Figure 5.11: The monthly variation of AOD at 340nm obtained from a Cimel Sunphotometer 
at the Chilbolton site between 2005 and 2008. The error bars represent standard error of 
the mean for AOD. 
 
Long term (2003 – 2008) daily average values of AOD in Reading between 2003 
and 2008 are listed in Table 5.5. The individual values vary from 0.14 to 2.32, with 
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the minimum value on 3rd of February, whilst maximum was on 27th of July. The 
majority of clear days occur in summer with the highest number of cumulative 
occurrences 27 days in August, compared to 3 days in December. Furthermore, the 
winter months provide the lower values, whereas the summer months give the 
higher values.  
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Table 5.5: Daily mean of AOD values at 320nm with clear skies and an air-mass of less 
than 4 in Reading accumulated between 2003 and 2008. Many of the daily means are 
based on a single day (max number of days per date = 3). N refers to the total number of 
individual days included in the mean. 
Date Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1      0.50 0.24         0.27   
2     0.32 0.54 0.22 0.40   1.20   0.92 0.51   
3   0.14     0.67 0.50  0.66    0.42 0.39 
4   0.22   0.34 0.84     0.82 0.61 0.75 0.32   
5      0.38 0.94    0.94  0.49 0.49   
6   0.52 0.79 0.48 0.78     0.76 0.60   0.50   
7   0.20     0.99 1.38        0.52 
8     0.23   0.81 0.76   0.95 0.43       
9   0.23      0.72  0.72 0.30   0.35   
10   0.51       0.56   0.84 0.89       
11 0.31 0.43 0.20 0.96 1.00   0.71 1.15  1.52    
12   0.77 0.47 0.62 1.28   0.69 0.96     0.42   
13   0.40     0.93 0.66 0.73         
14     0.78   1.52   0.58     1.52 0.35   
15    0.99   0.51 0.57 0.71 0.48    0.44   
16   0.63 0.31 0.36   1.00 0.66       0.55   
17   0.44 0.55 0.64  1.24 0.72   1.32   0.30   
18   0.57 0.48 1.22     0.68       0.58   
19   0.95 0.31 0.23  0.87 1.08      0.39   
20           0.62 1.08   0.51 0.46 0.71   
21 0.41  1.41 0.50    0.57 0.54 0.85 0.48 0.70   
22 1.00   0.33 1.62 0.29 0.47             
23 0.31  0.62 0.81 0.40 0.96     0.55    
24 0.85           0.70   1.14       
25   0.61 0.58      0.94 0.85 1.11      
26 0.71   0.84         0.66         
27    0.69    0.50 2.32 1.12  0.34    
28 0.54   0.74 0.63   0.46 0.79 1.96         
29 0.29    0.77             
30     0.51 0.34       0.27 1.99 0.48     
31     0.87       0.88 0.89         
N 9 15 25 24 18 22 23 27 12 10 23 3 
Mean 0.55 0.47 0.60 0.64 0.76 0.73 0.86 0.87 0.89 0.75 0.46 0.45 
STD 0.27 0.23 0.30 0.36 0.38 0.29 0.42 0.36 0.49 0.44 0.13 0.10 
Max 1.00 0.95 1.41 1.62 1.52 1.38 2.32 1.96 1.99 1.52 0.71 0.52 
Min 0.29 0.14 0.20 0.23 0.22 0.40 0.57 0.27 0.30 0.34 0.27 0.39 
 
The AOD values measured in Reading have a distribution that favours the smaller 
values more than in Manchester, as seen by comparing Figure 5.12 with Figure 5.3. 
Chapter 5__________           The results and Discussion for Aerosol Optical Depth        
 169 
 
N=8403
0
20
40
60
80
100
0.00_0.50 0.51_1.00 1.01_1.50 1.51_2.00 2.01_2.50
ADO interval
A
O
D
 
fr
eq
u
en
cy
 
o
f 
o
cc
u
rr
en
ce
 
(%
)
306nm 310nm 313nm 316nm 320nm
 
 
Figure 5.12: Frequency of occurrence of Brewer AOD using standard weighting functions 
during clear sky days and an air mass of less than 4 in Reading between 2003 and 2008. 
 
The Reading data (Figure 5.12) shows similarities in the frequency of occurrence of 
AOD between the five wavelengths but not with the same consistency as the 
Manchester data. This may in part be due to the nature of the instrument, a single 
monochromator, allowing more stray-light and thus less reliable data at the shortest 
wavelengths. This will be discussed further in the next chapter. The overall 
frequency of occurrence of daily mean AOD was much higher for the lowest AOD 
intervals of 0.00-0.50, between 61-77%, compared to only about 2% for the highest 
AOD interval of 2.01-2.50. Again, this is a more marked maximum than in 
Manchester.  
 
The diurnal variation at Reading is illustrated with the 6th May 2008, which was 
typical of other clear sky days investigated. 
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Figure 5.13: The diurnal variation in AOD obtained from Brewer algorithm using specific 
weighting functions during the clear sky day of 8th June 208 (summer),10th February 
2008(winter), 6th May 2008 (spring) and 18th November 2008 (Autumn), and an air-mass of 
less than 4 in Reading. 
 
Figure 5.13, shows that higher values are found during the afternoon hours and 
AOD is lower during morning and evening hours: this pattern is quite different to 
that of Manchester. This region of the Thames valley is dominated by light industry 
suggesting lower levels of pollution compared to Manchester. Car exhaust is 
described as the main source of aerosol particles [ReadingBoroughCouncil, 2008]. 
The instrument itself is located in parkland on the edge of the town, rather than in 
the city centre as is the case for Manchester. The M4 motorway which is close by is 
constantly busy during the day. In addition, for the day illustrated, other 
meteorological variables are shown in Figure 5.14. The afternoon was warm with 
low humidity and moderate wind speed, all of which would contribute to continued 
suspension of aerosols.  
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Figure 5.14: The diurnal variation in wind speed (m/s), Wet bulb temperature (C), Dewpoint 
temperature (C), Dry bulb temperature (C), and Relative humidity (%) obtained from 
Department of Meteorology, University of Reading during clear sky day of 6th May 2008 in 
Reading. 
 
From the data in Figure 5.14, it is apparent that higher values of AOD coincide with 
low relative humidity and higher wind speed and temperature. This finding is in 
agreement with AOD data provided from AERONET observed using a Cimel 
Sunphotometer at the Chilbolton site who’s findings showed higher values of AOD 
on 6th of May 2008 found in the afternoon hours compared to morning and evening 
hours (Figure 5.15). It is important to note that the Chibolton site has more rural 
surrounding than Reading, though a similar local parkland site, and AOD values are 
lower. Nonetheless the similarity in daily pattern is encouraging if the effect is 
controlled by regional weather on this occasion.  
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Figure 5.15: The diurnal variation in AOD at 440, 380, and 340nm, with an average of 
0.217, 0.263, and 0.299 respectively, on 6th May of 2008 observed from AERONET at the 
Chilbolton site which is about 60Km away from Reading. 
 
The year to year variation in AOD is based on the average data for each year i.e. the 
individual days shown in Figure 5.9, which vary in number from year to year. 
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Figure 5.16: The year to year variation in AOD (at 320.1nm) obtained from Brewer using 
standard weighting functions during clear sky days and an air mass of less than 4 in 
Reading between 2003 and 2008. The error bars represent standard error of the mean for 
Brewer AOD.  
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The Reading data set (Figure 5.16), covers a shorter period than that for Manchester 
with a small decline of AOD in 2004 reaching the minimum at 0.52±0.09, then a 
climb in 2005 followed by a decline from 2006 to 2007. This was followed by a 
rise, reaching the highest annual AOD on record in 2008, at 1.02±0.16, compared 
with a mean for the previous 6 years of 0.76+0.08. The high values 2008 again 
coincides with a low number of clear sky days (as for Manchester), though for 
Reading the year with least clear skies was 2004. These results also seem to be 
broadly consistent with other local monitoring: the AOD at 340nm obtained from 
the Chilbolton site is shown in Figure 5.17, and although this record is even shorter, 
it too shows a broadly constant AOD and does not show monotonic increase since 
2005. Note that the yearly mean AOD obtained from both instruments has been 
observed in different wavelengths and sky conditions. Furthermore, the limitation of 
solar zenith angle is applied for the Brewer AOD.  
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Figure 5.17: The yearly mean AOD at 340nm provided from AERONET observed using a 
Cimel Sunphotometer at the Chilbolton site between 2005 and 2008 for all sky. The error 
bars represent standard error of the mean for AOD. 
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5.3 Brewer AOD Retrieval in Malaysia 
Brewer #090 (MKII) is currently operated by the Malaysian Meteorological Service, 
located at Petaling Jaya (3.10°N, 101.65°E), Selangor, Malaysia since October of 
1992. The instrument has been installed on the roof of the Malaysian Meteorological 
Service, located 10Km south-west of the city centre. Furthermore, about 10Km of 
this site is the industrial zone called Shah Alam in the state of Selangor. The Brewer 
has been well maintained and regularly calibrated by the International Ozone 
Services (IOS). This provides the opportunity to explore AOD measured in the same 
way but in a very different climate. 
 
Based on the work performed in the UK (Reading and Manchester) the techniques 
developed were then applied to Brewer data obtained from Malaysia between 1998 
and 2007. The Brewer b-files were made available by the Malaysian Meteorological 
Service, and the AOD calculated from these raw data. In Malaysia, although the 
calibration constants are available from 2006, all AOD values were calculated using 
the standard weighting functions. From the work of chapter 4 we do not expect this 
to have an adverse effect on the results. Consequently, Brewer AOD with standard 
weighting functions was determined from 1998 to 2007. The data obtained was 
represented in Figures 5.18 to 5.25 beginning with an illustration of the clear sky 
day AOD in each year for the site as mean values for each day, within the specified 
air mass limit for each site. 
 
Since this site is close to the equator the sun approaches the overhead at midday, 
with noon solar zenith angle ranging from o96.2 to o19.48  throughout the year, 
compared to o25.30  to o64.77  in Manchester. Thus for the Malaysian data there is 
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no need to including data at high air mass and the air mass criteria were altered to 
include only high sun (better signal to noise) data. The air mass range 1.2 to 1.49 
covers the hours 2.3 to 5.55 (UTC hours) at the equinoxes, compared to 1.16 to 4.39 
in Manchester covers the hours 10.95 to 13.35.  
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Figure 5.18: Daily mean value of AOD at 320nm obtained from Brewer algorithm using 
standard weighting functions during clear sky days and an air-mass in range of 1.2 to 2.2 in 
Kuala Lumpur, Malaysia between 1998 and 2007. The error bars represent the standard 
deviation of the daily mean Brewer AOD. 
 
The data do not revealed any clear seasonal pattern in AOD; it appears constant year 
around (Figure 5.18). However, the number of clear sky days from 1998 to 2007 
represented in Table 5.6 is for greater than for the UK, as might be accepted.  
 
Table 5.6: The number of clear sky days and the average of AOD values at 320nm in Kuala 
Lumpur, Malaysia between 1998 and 2007. 
Year Number of clear sky days AOD at 320nm 
2007 104 1.19±0.03 
2006 92 1.26±0.07 
2005 92 1.14±0.10 
2004 98 1.26±0.04 
2003 97 1.51±0.04 
2002 104 1.47±0.03 
2001 118 1.49± 0.04 
2000 112 1.26±0.04 
1999 85 1.23±0.04 
1998 99 1.25±0.03 
Average 100.1 1.31±0.04 
 
The aerosol loading in Kuala Lumpur is significantly greater than those of either of 
the UK sites, both as a mean and mode (volume of most frequent occurrence). First 
we look at the typical AOD likely to be experienced on clear days in Malaysia. The 
AOD values measured in Malaysia have a distribution that favours the higher values 
more than in the UK, as can be seen in Figure 5.19. 
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Figure 5.19: Daily frequency of occurrence of Brewer AOD during clear sky days and an 
air-mass in range of 1.2 to 2.2 in Kuala Lumpur, Malaysia between 1998 and 2007. 
 
Figure 5.19 shows that the AOD at five different wavelengths expressed by AOD 
frequency of occurrence is essentially the same at all wavelengths. The frequency of 
occurrence of daily mean AOD in Malaysia between 1998 and 2007 was much 
higher for the second lowest AOD intervals of 0.50-1.00, between 54-56%, 
compared to less than 5% for the lowest AOD intervals of 0.00-0.50. In contrast to 
earlier findings from Manchester and Reading, these results have a maximum 
occurrence at larger AOD values. There are several possible explanations for this 
result. Kuala Lumpur is very different to Reading or even Manchester. It is a huge 
city (populations of 1,809,699) with lots of industry and still undergoing massive 
expansion and building works. Therefore, this result reflects the extent of the urban 
aerosol, mainly emissions from building, industry and transportation.  
 
The diurnal variation in Malaysia is illustrated with the 10th February and 9th August  
2007, which was typical of other clear sky days investigated.  
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Figure 5.20: The diurnal variation in AOD obtained from Brewer algorithm using standard 
weighting functions during clear sky day of 10th February 2007 (Northeast monsoon) and 9th 
August 2007 (Southwest), and an air-mass in range of 1.2 to 2.2 in Kuala Lumpur, 
Malaysia. 
 
From the data in Figure 5.20, it is apparent that the AOD values on the clear sky day 
of 10th February 2007 (Northeast monsoon) and 9th August 2007 (Southwest 
monsoon), and an air-mass in range of 1.2 to 2.2 in Malaysia decrease gradually 
with increasing wavelength, which is typical of other clear sky days analysed, and is 
as one would expect from theory. Higher values of the AOD were found as a sharp 
peak in the morning about 0100-0200 UTC and in the afternoon about 08.00-10.00 
UTC hours (note Malaysian time is UTC + 8). This result may be due to aerosol 
emission from transportation during morning and afternoon rush hours. 
 
Having explored the daily variation in AOD, the annual variation is illustrated by 
using the average monthly AOD for all years together (1998–2007).  
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Figure 5.21: The monthly variation in AOD during clear sky days and an air-mass in range 
of 1.2 to 2.2 in Kuala Lumpur, Malaysia between 1998 and 2007. The error bars represent 
standard error of the mean for AOD. 
 
Figure 5.21 reiterates the fact that the AOD remains essentially constant for the 
whole year, with an average of 1.31±0.04. These findings are consistent with Janjai 
et al. (2003) who found the AOD constant in the south of Thailand, which has a 
similar climate with Malaysia. This also accords with data obtained by the 
Malaysian government Department Of Environment which also showed PM10 
concentrations at Petaling Jaya stations from 1977 to 2002 as shown in Figure 5.22 
[DepartmentOfEnvironment, 2009]. PM10 represents the concentration of particles 
of 10 micrometers or less in the lower atmosphere (the measurements are made in 
situ, usually near the ground); road transport and industry are the main sources.  
 
Like the AOD values, the PM10 data exhibits marginally higher, values between 
June and July, with an equally slight minimum at the end of the year. It is possible 
that these results are due to less rainfall during June and July (Figure 5.23), while 
the lower values found in November and February coincide with the Monsoon 
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season which produces heavy rains between the months of November to February. 
These findings are further supported by Malaysian Meteorological Department 
reports that November, December and January are the months with maximum 
rainfall, while June and July are the driest months in most regions, providing for 
some differences in the routes of wet deposition through the year. 
 
 
 
Figure 5.22: The monthly trends in PM-10 concentrations at Petaling Jaya stations between 
1977 and 2002 in Malaysia [DepartmentOfEnvironment, 2009].  
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Figure 5.23: Monthly mean value of rain fall observed in Kuala Lumber, Malaysia 
[MalaysianMeteorologicalDepartment, 2010]. 
 
Figure 5.23 shows the monthly mean value of rain fall observed at Kuala Lumpur, 
Malaysia. The Southwest Monsoon (the drier of the two monsoons that affect 
Malaysia year round) usually occurs between April and September, bringing rainfall 
to the western side of Peninsular Malaysia, affecting Kuala Lumpur, Penang and 
Langkawi. This monsoon results in a comparatively drier atmosphere than during 
the Northeast monsoon (November to February) with monthly rainfall minimum 
observed in particular between June and July. The monsoon carries aerosols of a 
maritime origin to Peninsular Malaysia and also brings moisture from the seas, 
causing rainfall which constantly washes aerosols from the atmosphere. 
 
Long term (1998 – 2007) daily average values of AOD in Malaysia between 1998 
and 2007 are listed in Table 5.7. These values vary from 0.65 to 2.29, with the 
minimum value on 21st of January, whilst maximum was found on 25th of January. 
The highest combined (1998 – 2007) number of occurrences of AOD (i.e. clear sky 
data) was found in March (133 days), and the lowest was 46 days in August.  
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Table 5.7: Daily mean of AOD values at 320nm with clear skies and an air-mass in range of 
1.2 to 2.2 in Kuala Lumpur, Malaysia accumulated between 1998 and 2007. Many of the 
daily means are based on a single day (max number of days per date = 8). N refers to the 
total number of individual days included in the mean. 
Date Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1 1.70 1.26 1.11 1.35 1.51 1.30 1.07 1.46  1.48 1.10 1.21 
2 1.40 1.12 1.05 1.57 1.17 1.02 1.23  1.35 1.34 0.97 1.30 
3 1.17 1.24 1.45 1.16 1.33 1.37 1.16 1.17 1.25 1.25 0.79 1.15 
4 1.50 1.54 1.31 1.27 1.30 1.44 1.50 1.06 1.13 0.85 1.45 1.04 
5 1.05 1.50 0.99 1.67 1.33 1.14 1.38 0.94 0.67 1.61  1.30 
6 1.68 1.40 0.94 1.18 1.30 1.07 1.34 1.19 1.50 1.45 1.24 1.24 
7 1.42 1.28 1.21 1.50 1.48 1.76 1.39 1.65 1.41 1.22 1.21 1.65 
8 1.40 0.94 1.27 1.00 1.40 1.23 1.47 1.28 1.45 1.80 1.28 1.55 
9 1.07 1.14 1.28 0.86 1.36 1.32 1.31 1.16 1.35 0.88 1.41 1.16 
10 1.15 1.25 1.34 0.86 1.03 1.28 1.37 1.78 1.04 1.20 1.21 0.78 
11 1.69 1.24 1.16 1.36 1.08 1.24 1.67 1.54 1.32 1.31 1.03 0.97 
12 1.39 0.80 1.40 1.24 1.25 1.22 1.66 1.91 1.38 1.09 0.97 1.36 
13 1.26 1.01 1.55 1.40 1.59 1.55 1.30 1.11 1.61 1.15 1.33 1.92 
14 1.51 1.38 1.43 1.19 1.17 1.52 1.34 1.32 1.04 1.96  1.22 
15 1.42 1.34 1.22 1.44 0.98 1.64 1.97 1.58 1.05 1.36 1.27 1.31 
16 1.57 1.48 1.21 1.46 0.97 0.88 1.09 1.40 1.36 1.55 1.11 1.18 
17 1.66 1.32 1.39 1.77 0.97  1.62  1.04 1.43 1.20  
18 1.47 1.58 1.22 1.57 1.41 1.23 0.86 1.32   1.14 1.28 
19 1.59 1.29 1.08 1.17 1.26 1.10 1.30 1.15 1.56 1.15 1.19  
20 1.18 1.12 1.41 1.21 1.35 1.54 1.22 1.22 1.11 1.24 1.32 1.30 
21 0.65 1.04 1.58 1.38 1.09 1.51 1.39 1.28 1.53 0.91 1.12  
22 1.00 1.26 1.40 0.83 1.41 0.81 1.91 1.27 1.36 1.01 1.34 1.88 
23 1.15 1.37 1.25 1.48 1.12 1.64 1.39  1.64 1.75 1.32  
24 1.26 1.14 1.31 1.41 1.18 1.81 1.07 1.44 1.23 1.19 1.37 1.22 
25 2.29 1.25 1.15 1.60 1.28 1.64 1.46 1.43 1.87 1.10 0.94 1.55 
26 1.32 1.35 0.87 1.51 1.32  1.44 0.98 1.39   1.26 
27 1.04 1.20 1.41 1.43 1.18 1.74   1.05 1.86 1.38 1.48 
28 1.01 1.21 1.14 1.29 1.24 1.60 1.43 1.28 1.02  1.17 1.59 
29 1.45 1.56 1.29 1.08 1.20 0.88   1.30  1.05 0.97 
30 1.16  1.36 1.46 1.23 1.62 1.32    1.13 1.39 
31 0.93  1.42  1.27  1.86 0.83  1.20  1.47 
N 101 129 133 111 93 71 71 46 57 56 59 71 
Mean 1.34 1.26 1.26 1.32 1.25 1.36 1.40 1.31 1.30 1.32 1.19 1.32 
SD 0.31 0.18 0.17 0.24 0.16 0.28 0.25 0.26 0.25 0.30 0.16 0.26 
Max 2.29 1.58 1.58 1.77 1.59 1.81 1.97 1.91 1.87 1.96 1.45 1.92 
Min 0.65 0.80 0.87 0.83 0.97 0.81 0.86 0.83 0.67 0.85 0.79 0.782 
 
 
Finally, interannual variation is illustrated in Figure 5.24. The AOD shown is based 
on the average clear sky data for each year.  The number of clear sky days varies 
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from year to year (46 – 133, average 100), and this may have some influence on 
interannual variation. 
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Figure 5.24: The year to year variation in AOD during clear sky days and an air-mass in 
range of 1.2 to 2.2 in Kuala Lumpur, Malaysia between 1998 and 2007. The error bars 
represent standard error of the mean for AOD. 
 
On a longer time scale the data in Figure 5.24 show that the AOD values remained 
constant between 1998 and 2000 with a rise in 2001 where upon they remained 
mostly constant from 2001 to 2003. This was followed by a decline from 2003 to 
2005 thereafter averaging about the same as the early values. Data from this Figure 
can be compared with the data from The Malaysian Meteorological Service Air 
Pollution Monitoring Network [2002] who observed PM10 particulate concentration 
levels in Malaysia between 1998 to 2006 (Figure 5.25). It shows a similar pattern 
between 1998 and 2002, but the PM10 routes remain elevated. There are numerous 
explanations for these discrepancies e.g. changes in local source of PM10, the 
temporal sampling differences (clear sky and 24hours), changes in aerosol 
microphysics, but not total AOD. 
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Figure 5.25: The year to year variation in Total Suspended Particulate between 1998 and 
2006 in Malaysia[TheMalaysianMeteorologicalServiceAirPollutionMonitoringNetwork, 2002]. 
 
 
5.4 Comparison of the Results between 3 Sites 
This section gives an explanation of how the different climates and weather at each 
of the sites could result in the differences in aerosol climatology observed there.  
 
5.4.1 Climate and Weather Patterns of the United Kingdom 
The United Kingdom, an island country, is classified as a mid-latitude oceanic 
climate with warm summers, cool winters and plentiful precipitation throughout the 
year. The climate and weather patterns are influenced by its northerly latitude, the 
close proximity to the Atlantic Ocean and the warming of the surrounding waters by 
the Gulf Stream. Although temperature variations throughout the year are relatively 
small, it is difficult to predict the weather which changes from day to day. The 
climate of the UK can be catalogued in four seasons; winter, spring, summer and 
autumn. Winter (December to February) is generally cool, wet and windy with the 
maximum temperature of 6.3°C and the minimum temperature of 0.6°C. Spring 
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(March to May) is generally a calm, cool and dry season with the maximum 
temperature of 14.4°C and the minimum temperature of 1.9°C. During this season, 
the sun rises higher in the sky and the days get longer. Summer (June to August) can 
often be slightly less wet with the maximum temperature of 19.2°C and the 
minimum temperature of 8.4°C but rainfall totals can vary widely due to localized 
thunderstorms. Autumn (September to November) is notorious for being unsettled 
with the maximum temperature of 16.1°C and the minimum temperature of 3.0°C. 
A daily mean of sunshine of between two and three hours is observed during the 
winter months, with between five and six hours during summer [MetOffice, 2009]. 
 
5.4.1.1 Manchester 
Manchester is located in the North West of England, being between 35 and 42m 
above sea level.  It has a temperate maritime climate with cool summers and mild 
winters with mean daily maximum temperature of 20.3oC in July and mean daily 
minimum temperature of 1.5oC in January. It has an average rainfall of 806.6mm 
compared to the UK average of 1,125.0mm and the number of rain days per annum 
of 140.4, compared to the UK average of 154.4. Yearly mean hours of sunshine was 
monitored at 1394.5 hours a year but daily values vary greatly with season 
[MetOffice, 2009]. 
 
5.4.1.2 Reading 
Reading is located in south west of England at  51°27' N 0°58'W, and 66Km due 
west of London. Mean daily maximum temperature is 22.5oC in July whereas mean 
daily minimum temperature was observed at 1.5oC in February. Rainfall is in the 
range of 647.1mm a year and the mean number of rain days per annum is 110.2. 
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Average yearly sunshine hours is 1534.7 hours a year [MetOffice, 2009]. Reading is 
thus somewhat warmer, drier and sunnier than Manchester, as might be expected 
from its more southerly latitude, and its position in the east of the country, while 
Manchester is in the west with prevailing winds off the Atlantic reaching the west of 
the country first. 
 
5.4.2 Climate and Weather Patterns of Malaysia  
Malaysia is a country in Southeast Asia, which has a tropical climate that is hot and 
humid throughout the year. The country is separated by the South China Sea into 
two parts: Peninsular Malaysia and East Malaysia (Malaysian Borneo). Brewer #090 
(MKII) has been operated in peninsular Malaysia, so therefore in this section the 
climate of Peninsular Malaysia is discussed in detail. The climate on the east coast 
of Peninsular Malaysia, where the capital city of Malaysia is located, is very much 
influenced by the monsoon seasons from November until February, and April to 
September. The Northeast monsoon from November to February is stronger, but the 
two monsoons together provide an almost permanent rainy season. The monsoon 
wind sweeps across these areas bringing frequent heavy rains. This means that this 
part of Malaysia sees rainfall which is well distributed throughout the year with 
rainfall on 150-200 days, with an average of 190mm a day. During the monsoon 
seasons, the mean daily temperature is 27°C and could reach 32oC. In general, 
during the day the morning hours are usually hot and sunny with showers in the 
afternoon hours. Average monthly relative humidity falls between 70-90%. Daily 
sunshine hours are between four to five hours during the wettest months and eight or 
nine during relatively drier periods (eg June and July) [Meteorology Malaysia, 
2008].  
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5.4.3 Discussion of the AOD Results  
There are a number of important differences and similarities in the Brewer AOD 
results obtained from the UK and the tropics, which can be explained as below 
(Figures 5.26-5.28) beginning with an illustration of the diurnal variation for each 
site.  
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Figure 5.26: The diurnal variation in AOD during representative clear sky days for each site 
and at an air-mass of less than 4, in Manchester and Reading and at an air-mass in the 
range of 1.2 to 2.2 in Malaysia. The error bars represent the standard error of the mean for 
AOD. The Malay data has been shifted by 8 hours so that clock-time noon is the same for 
all sites, to enable the daily cycle of human activity to be compared. 
 
There are similarities between the diurnal variation in AOD measured in Manchester 
and those found in Malaysia, as can be seen in Figure 5.26. Both cities show a 
morning peak in AOD which might reasonable be associated with the rush hour. 
AOD then reduces and is approximately constant during the middle hours of the 
day. There is a hint of an increase in AOD later in the afternoon, but there is little 
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data available for the expected afternoon rush hour because air mass is too large for 
sensible analysis at those times. The Reading data, on the contrary, shows a slightly 
elevated AOD in the middle of the day and no influence of any rush hour traffic. 
This site is found outside the main town centre, in parkland surrounded by 
residential areas, and is not subject to the same congestion as the city centre sites. 
 
The annual variation is illustrated by using the average monthly AOD for all years 
together (2000 – 2008 for Manchester, 2003-2008 for Reading, and 1998 – 2007 for 
Malaysia). 
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Figure 5.27: The monthly variation in AOD during clear sky days and an air-mass of less 
than 4 in Manchester, Reading, and an air-mass in range of 1.2 to 2.2 in Malaysia. The 
error bars represent standard error of the mean for AOD. 
 
In Figure 5.27, there are similarities between the AOD patterns obtained from the 
two sites in the UK, which are higher in the summer compared to winter, although 
the magnitude of the change is greater for Manchester than Reading. On the 
contrary, in Malaysia monthly mean values vary little for a whole year, with 
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marginally higher values found in July and minimum values found in November. An 
explanation for this is that the climate (especially time and day-length) is similar all 
year, and so are the human activities in Malaysia, resulting in relatively little 
influence on the monthly variation in AOD. By contrast the UK has clear seasonal 
differences that affect both human and natural activities, and so both source and 
sinks s of aerosols. 
 
Finally, interannual variation for each site is illustrated in Figure 5.28, but bear in 
mind that these data points are based on different numbers of clear sky days  
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Figure 5.28: The year to year variation in AOD during clear sky days and with an air-mass 
of less than 4 in Manchester and Reading, and an air-mass in the range of 1.2 to 2.2 in 
Malaysia. The error bars represent the standard error of the mean for AOD over the 
(variable) number of clear sky days included in each data point. 
 
The similarities between the year to year variation in AOD obtained from 
Manchester and Reading are likely due to the effect of interannual climate 
variability covering the whole country (e.g. warm/cool  and dry/wet years). In 
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general, Manchester has higher AOD, attributed to local pollution as Manchester is 
regarded as being one of the larger cities in the United Kingdom in terms of 
population, with a population of 464,200 in centre Manchester and for the greater 
Manchester conurbation of 2,578,300. By contrast, Reading is an important 
commercial centre of computer and service industries and is regarded as a large 
town, with a population of 235,000 and thus lower levels of pollution are expected. 
Much higher values of AOD were found in Kuala Lumpur, Malaysia, compared 
with Manchester and Reading commensurate with the size of the city (a city 
population of 1,809,699) and its developmental stage.  
 
Over the limited timescale for which data is available, none of the sites have shown 
a distinct trend in AOD, but the characteristics of the cycles in AOD at various 
timescales (daily, seasonal and interannually) can be explained by the locality and 
the influences of the local climate and anthropogenic activity. 
 
It has been shown that the Brewer spectrophotometer can be used to assess AOD 
climatology in both Tropical and Mid-latitude sites, though the data must be 
carefully selected for clear skies and limited air mass ranges. The results are 
supported by independent data and also agree qualitatively with what one might 
expect based on general argument about climate and human activity. Earlier 
chapters have provided for confidence in the qualitative values at a level suitable for 
the analysis here.  
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Summary 
Manchester 
 Brewer AOD was determined by using standard weighting functions from 
2000 to 2008. The results can be summarised briefly as: 
- The Diurnal variation in AOD demonstrated that the AOD values 
were higher in the morning, reaching a peak at 10am due to rush 
hour traffic. There was insufficient data to define an evening rush 
hour. 
- The variation of AOD values was seasonal, with the higher values 
found in summer compared with winter, reaching a peak in June. 
- An average of AOD value for the previous 9 years is 0.84±0.05. 
Reading 
Brewer AOD calculated with standard weighting functions was determined 
between 2003 and 2008. The results can be summarised briefly as: 
- The diurnal variation in AOD was small, with a slight drop during 
late afternoon hours.  
- The seasonal variations of AOD showed the winter months provide 
the lower AOD values, whereas the summer months give higher 
AOD values, reaching a maximum in September. 
- An average of AOD value for the previous 5 years is 0.76+0.08. 
Malaysia 
Brewer AOD calculated with standard weighting functions was determined 
from 1998 to 2007. The results can be summarised briefly as: 
- The diurnal variation in AOD illustrated that higher values of the 
AOD were found in the morning and in the afternoon hours. This 
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result may be due to aerosol emission from transportation during 
morning and afternoon rush hours. 
- The AOD remains constant for the whole year, with an average of 
1.31±0.04.  
Comparison for three sites 
- The highest data availability was found Malaysia with an average 
clear sky days of 100.  
- The results correlate with city size due to anthropogenic activity. 
- Higher AOD was found in the tropics where the economy is   
developing and is consistent year around due to the constant climate.  
- Lower AOD was found in temperate mid latitude regions caused by 
smaller conurbations and a mature stage of economic development, 
with the summer months giving higher values compared to winter 
months.
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6 Angstrom Parameters  
In the previous section the absolute value of AOD at several wavelengths has been 
retrieved from Brewer spectrophotometers by using the standard weighting 
functions at two sites in the United Kingdom; Manchester and Reading, and Kuala 
Lumpur in Malaysia. As discussed in the literature review, in principle this allows 
the Angstrom parameters, an important feature of atmospheric aerosols closely 
correlating to the size distribution of the scattering aerosol particles, to be 
determined. This study set out to explore these parameters and their place in aerosol 
climatology. In order to achieve this, the Volz Method (VM) was applied to the 
spectral AOD obtained in chapter 5. This chapter gives an explanation of the VM 
used to determine the Angstrom parameters, and the process for the selection of 
wavelength pairs for this method. Limitations of the method are defined, and 
Angstrom parameters calculated for the Malay data. 
 
6.1 Methodology for Angstrom Parameters 
Angstrom parameters ( )βα,  are typically considered as independent parameters. The 
β  parameter is associated with the particle concentration and is equal to the AOD at 
1 mµ , whilst the α  parameter is related to the size of the particles [Cachorro et al., 
1993; Cachorro et al., 2001; Kambezidis et al., 2001; Kaskaoutis et al., 2007b; 
Shifrin, 1995; Toledano et al., 2007]. In general, there are three well established 
techniques for obtaining these parameters from AOD measurements; Linear fitting, 
Direct, and Volz methods (see chapter 1). Of the methods described in chapter 1, the 
VM was selected as the best method to be adopted for the analysis of aerosol 
distribution in this work. This method can produce results in a narrow wavelength 
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range appropriate to the Brewer, in contrast to the other methods which use a wider 
range of wavelengths requiring a greater measured spectral range. The detail of the 
VM is given in Chapter 1, but Equations 6.1 and 6.2 are repeated here for clarity. 
 
( ) ( ) ( )[ ] ( )ijjaia /In//ln λλλτλτ=λα    (6.1) 
 
( )
α−λ
λτ
=β
i
i
  or  
( )
α−λ
λτ
=β
j
j
   (6.2) 
 
6.2 A Pair of Wavelengths for Volz Method (VM)  
Kaskaoutis [2006] discovered that the optimum pair of wavelengths using the VM 
depends on the resolution of the measurements, the wavelength selected, 
atmospheric conditions and the solar zenith angle. Previous studies [Cachorro et al., 
2001] have also noted that the magnitude of α  values varied depending on the pairs 
of wavelengths used. This can be seen in the results obtained from the preliminary 
analysis of the UK Brewer AOD data presented in Figures 6.1-6.2, which show all 
possible wavelength pairings. 
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Figure 6.1: Mean daily values of α  obtained from 9 wavelength pairs (306.3&320.1nm, 
306.3&316.8nm, 306.3&316.8nm, 306.3&310.1nm, 310.1&320.1nm, 310.1&316.8nm, 
310.1&313.5nm, 313.5&320.1nm and 313.5&316.8nm) determined by the VM in 
Manchester. 
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Figure 6.2: Mean daily values of α  obtained from 9 wavelength pairs (306.3&320.1nm, 
306.3&316.8nm, 306.3&316.8nm, 306.3&310.1nm, 310.1&320.1nm, 310.1&316.8nm, 
310.1&313.5nm, 313.5&320.1nm and 313.5&316.8nm) determined by the VM in Reading. 
 
As in previous studies, the data obtained in Figures 6.1-6.2, showed that the results 
obtained from the Brewer wavelength pairs varied depending on the pairing 
[Cachorro et al., 2001; Kaskaoutis et al., 2006] but there is also tremendous scatter 
and many individual values are unrealistic. Using the Brewer, one would expect the 
best results to be achieved using pairs with the widest wavelength separation 
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[Cachorro et al., 1987]. It should be noted, however, that longer wavelength data is 
more reliable than that at the shortest wavelength (306.3nm) especially when the sun 
is low in the sky and radiation has to pass through a long atmospheric path, and is 
subject to extensive attenuation which is greatest at shorter wavelengths.  
 
At longer wavelengths, the AOD generally decreases rapidly as wavelength 
increases, and one might expect this to continue into the UV. However, our findings 
would imply that on most occasions AOD increases with increasing wavelength in 
the UV range and results in negative α  values being obtained (Figure 6.3). 
According to Mie scattering, a negative α  would require a very large mean radius 
of aerosol particle and a large real part of the refraction index, which is not realistic 
for the sites studied [Martin et al., 2008]. While the general consensus is against 
negative α  values, and they are not often reported [Arola and Koskela, 2004], it 
should be noted that this negative α parameter is not unique to this study but has 
also been observed by others [Cachorro et al., 1989; Jacovides et al., 2000; 
Kirchhoff et al., 2002; Marenco et al., 1997; Silva and Kirchhoff, 2004a].  
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Figure 6.3: Frequency of occurrence of negative α  at 9 wavelength pairs (306.3&320.1nm, 
306.3&316.8nm, 306.3&316.8nm, 306.3&310.1nm, 310.1&320.1nm, 310.1&316.8nm, 
310.1&313.5nm, 313.5&320.1nm and 313.5&316.8nm) determined by the VM in 
Manchester and Reading. 
 
From the data in Figure 6.3, it can be seen that in Reading, where the single Brewer 
monochromator has been installed, α  occurred negative about 90-95% of the time 
compared with about 50-75% in Manchester where the double monochromator was 
operated. There are several reasons why a false negative α  may result: it may be a 
consequence of calculating a difference from values that are themselves very small 
components as the remainder of large factors; also, particularly at high solar zenith 
angle (SZA) and short wavelengths, signals are low and stray light significant, 
especially in a single monochromator thus if one value is invalid due to signal to 
noise problems, it still jeopardise any analysis in which it is used. As previously 
mentioned, the Brewer spectrophotometer is designed to measure stratospheric total 
ozone and sulphur content in the vertical column, which is determined by a ratio. It 
might not be suitable for Angstrom parameters analysis in a narrow wavelength 
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range at short wavelengths where low signal was monitored (Figures 6.4-6.5) [Arola 
and Koskela, 2004; Gueymard and Kambezidis, 1997; Silva and Kirchhoff, 2005].  
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Figure 6.4: Intensity of 306.3nm at noontime taken from Brewer #172 and #090 in 
Manchester and Malaysia respectively, during summer 2007. 
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Figure 6.5: Intensity of 310.1nm at noontime taken from Brewer #172 and #090 in 
Manchester and Malaysia respectively, during summer 2007. 
 
Since we suspect that the negative α  result from measurements that have large 
uncertainties e.g. due to large signal to noise ratios, then any extended use of the 
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AOD data to find α  would be most likely to be valid in conditions where signals at 
individual wavelengths are largest. From the data in Figures 6.4-6.5 we can see that 
lower intensities at 306.3nm and 310.1nm at noontime are found in the UK, 
compared with Malaysia, as one might anticipate from the differences in solar zenith 
angle in the middle of the day. It was found that the percent difference between two 
direct measurements made by Brewer #172 and #090 at summer noontime (when 
respective SZA are smallest) were about 80% of Malaysia data at 306.3nm and 48% 
of Malaysia data at 310.1nm. 
 
To identify whether SZA, through its influence on signal to noise ratio, has an effect 
on ability to determine α , the occasions with positive and negative α  values at all 
four sites were plotted against air mass (Figures 6.6- 6.7). Note that measurements 
in Spain were all in the month of September, and the air mass range represents the 
diurnal range for that month. All data is limited to air mass less than 4 – in the 
winter months there is very little data from the UK due to SZA restrictions and lack 
of clear skies. The data from Malaysia is limited to air masses 1.2 – 2.2, since there 
is ample data in this range and we expect high intensities for these air masses: in this 
range less than 20% of the analyses provided a negative α . Comparing data from 
Europe in the same air mass range (1.2 – 2.2) to that at higher air mass range (2.2 – 
4.0) shows only a weak air mass dependency. In Spain and Manchester there are 
more positive α  in the small air mass range, but the difference is not very distinct. 
There is little obvious air mass dependency to the occurrence of negative α . In 
Reading there appear to be more positive α  at large air mass, contrary to 
expectation, but this represents a small subset of the total data since the vast 
majority of Reading α  retrievals give negative values and the data must be deemed 
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unreliable. The data from Spain show the smallest percent of negative α  (5%), but 
these data are restricted to truly clear conditions, as observed on site by the 
instrument operators. All other “clear sky” data (from the monitoring sites in 
Reading, Manchester and Malaysia) were determined from Brewer statistics and are 
therefore subject to some uncertainty. Therefore another source of negative α  can 
result from a mis-assignment of clear conditions (e.g. there may be some thin cirrus 
that does not significantly disturb ozone measurements but may disrupt the more 
sensitive AOD retrievals).  
 
It is clear that extracting angstrom parameters from Brewer data is not always 
reliable. The most promising retrievals require low signal to noise and truly cloud 
free conditions. These are best achieved at low SZA and a double monochromator, 
plus direct observation of clear sky conditions. The wavelength pairing must also be 
considered to try and improve the situation.  
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Figure 6.6: Positive α  obtained from Brewer #172, #075, and #090 in Manchester, Spin 
and Malaysia respectively. 
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Figure 6.7: Negative α  obtained from Brewer #172, #075, and #090 in Manchester, Spin 
and Malaysia respectively. 
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As mentioned in the literature review, the largest fluctuations in the α  parameter 
take place when nearby wavelengths are used. The standard derivation obtained 
from 310.1&320.1nm, the widest wavelength pair which does not rely on the 
intensity challenged 306.3nm, was lower compared to other wavelength pairs at 
both Manchester and Reading (Figures 6.1-6.2). In addition, Arola and Koskela 
[2004], and Silva and Kirchhoff [2004a] revealed that stray light effect for single 
monochromotors (MKII and MKIV) at 306.3nm is several percent, while it reduces 
at longer wavelengths (as a result of the steeply increasing spectral shape in this 
region) Consequently, it was decided that the best pairing to adopt for this 
investigation in Malaysia where the high intensity of direct sun measurement has 
been observed was 310.1&320.1nm.  
 
6.3 Angstrom Parameter Results for Malaysia  
The AOD was retrieved by using Brewer #090 (MKII) from Malaysia as detailed in 
chapter 5. The α  was also determined at this site, to indicate aerosol size 
distributions and any diurnal or annual cycles in size distributions. The AOD and α  
calculations at this site were performed in the same way as for those for UK data; 
using standard weighting functions. The α  was derived by using Brewer AOD at 
310.1&320.1nm and then applying the Volz Method. Instances of negative α  (about 
20% of the total data set) were excluded from the following analysis. The results 
obtained were analysed from 1998 to 2007 and are represented in Figures 6.8-6.9. 
 
Chapter 6                                                                                   Angstrom Parameters 
 205 
 
0
5
10
15
20
25
0.01-0.2 0.21-0.4 0.41-0.6 0.61-0.8 0.81-1.0 1.01-1.5 1.51-2.0 2.01-2.5 2.51-3.0 3.01-3.5 3.51-4.0
Alpha interval
A
lp
ha
 
fr
eq
u
en
cy
 
o
f o
cc
u
rr
en
ce
(%
)
Malaysia(N=16716)
 
 
Figure 6.8: Frequency of occurrence of α  used 310.1&320.1nm wavelength pair 
determined by the VM between 1998 and 2007 in Malaysia.   
 
As illustrated in Figure 6.8, the frequency distribution of α  is much higher for 
intervals of 2.0-2.5 at 21.66%, while the small α  bins (those < 1.0) each have a 
frequency <5%. As mentioned in the literature review, there is a relationship 
between α  and aerosol size distribution, with larger values of α  indicating 
relatively small particles whilst smaller α  approaching 0 suggest very large 
particles. On the question of α , this study found that aerosol particles show a clear 
domination by fine mode which is associated with a small particle size in the range 
of 0.01- 1 mµ . This domination is probably caused by urban pollution, mainly from 
road traffic, industrial and anthropogenic activities as the major sources of aerosol 
emission. These findings are consistent with those of [Afroz et al., 2003; Muhamad 
Bin et al., 2000] who found the sources of aerosol in Malaysia were mainly due to 
transportation, factories and biomass burning. 
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Figure 6.9: Frequency of occurrence of β derived from 310.1&320.1nm wavelength pair 
and the VM between 1998 and 2007 in Malaysia. 
 
It can be seen from the data in Figure 6.9 that the most frequently occurring value of 
β  is in the interval of 0.00-0.10 at 49.68%, with reducing frequencies thereafter. 
This parameter is associated with atmospheric cleanliness, low values describe 
clean sky whereas the high values describe very turbid sky as can be seen from the 
data in Table 6.1 [Iqbal, 1983], therefore, β  results in this site are associated with 
clear skies. The present findings seem to be consistent with other research which 
found similar values in the south of Thailand [Janjai et al., 2003] associated with 
clear skies. 
 
Table 6.1: Parameter of Various Degrees of Atmospheric Cleanness 
Atmosphere β  α  Visibility(Km) 
Clean 0.00 1.30 340 
Clear 0.10 1.30 28 
Turbid 0.20 1.30 11 
Very Turbid 0.40 1.30 <5 
Reproduced from [Iqbal, 1983] 
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Figure 6.10: Daily variation of Angstrom parameters ( α  blue, β  pink) during the clear sky 
day of 24th November 2007 in Malaysia (Note solar noon in Kuala Lumpur is ~0500 UTC). 
 
It can be seen in Figure 6.10 that the values of β  are higher in the morning and the 
end of the day, due to traffic in the rush hour. In contrast, the α  values were lower 
in the morning and evening hours, implying relatively larger particles. In general we 
might expect any large particles to be close to the source, before they are deposited. 
In addition, lower air temperature and wind speed, and higher relative humidity are 
related to the aging processes of the aerosols and associated changes in the size 
distribution as a result of coagulation, and humidification [Kaskaoutis et al., 2006]. 
The latter is associated with the enhanced relative humidity, and there is a 
correlation between AOD and water vapour [Adamopoulos et al., 2007; Kaskaoutis 
et al., 2006].  
 
Long term daily average values of α  in Kuala Lumpur, Malaysia between 1998 and 
2007 are listed in Table 6.2. These values vary from 0.74 to 3.91, with the minimum 
and maximum values both being found in April. The values for each day are an 
Chapter 6                                                                                   Angstrom Parameters 
 208 
 
average of all available data for that date across the 10 year period, therefore a value 
may be a single occurrence, or an average of up to 10 values. On occasional dates 
no clear sky value was available for any of the 10 years (max number of days per 
date = 8).  
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Table 6.2: Daily mean of α  values during the clear sky and an air-mass between 1.2 and 
2.2 in Kuala Lumpur, Malaysia accumulated between 1998 and 2007. N refers to the total 
number of individual days included in the mean. 
Date Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1 2.22 1.87 1.59 2.38 1.30 1.51 1.04 1.94  2.06 1.24 2.10 
2 2.06 2.62 2.21 1.36 1.88 1.41 2.52  1.48 3.90 2.43 2.40 
3 2.16 1.76 1.21 2.69 2.01 2.77 2.44 1.15 1.19 1.12 2.05 3.70 
4 1.84 1.59 2.05 2.82 2.48 2.01 0.79 1.67 1.11 2.19 2.07 2.82 
5 2.53 1.46 2.40 0.74 3.00 0.89 2.93 1.94 2.69 2.87  2.82 
6 2.62 1.81 1.53 1.77 1.60 1.26 1.09 1.84 2.20 2.97 1.83  
7 3.37 2.04 2.92 1.81 2.10 2.25 1.92 1.16 1.05 1.80 2.97 3.31 
8 2.06 2.23 1.87 2.49 2.18 1.65 2.48 1.94 1.14 1.80 1.82 1.34 
9 1.98  2.06 1.39 3.11 1.61 1.38 1.62 1.73 2.46 1.99 2.83 
10 1.67 1.87 2.04 1.75  3.12 1.58 1.54 1.39 1.92 2.43 0.93 
11 2.03 1.91 1.80 3.91 1.73 1.34 1.88 1.23 2.04 1.60 2.15 1.00 
12 1.88 2.01 2.16 1.77 1.74 2.85 2.72 1.69 3.57 1.75 2.33 2.09 
13 3.24 1.58 2.93 2.26 1.84 1.37 1.85 1.89 2.21 1.27 1.59 1.23 
14 2.20 2.22 1.57 1.90 1.58 2.95 1.07 1.80 1.08   2.59 
15 1.96 1.87 1.96 2.30  1.67 1.59 3.78 2.31 2.19 2.56 1.38 
16 2.17 1.84 2.06 1.55 0.85 1.04 2.25 1.02 2.52 1.25 1.51 2.20 
17 2.14 1.94 1.81 1.90 2.26  0.88  1.14  2.01  
18 1.80 2.17 2.19 1.91 2.16 2.51 2.01 2.05   1.79 3.14 
19 1.84 1.99 1.77 2.47 1.84 1.47 1.94 2.30 1.41 1.60 2.90  
20 1.90 1.98 1.82 2.12 2.07 1.93 2.38 1.91 2.58 2.55 1.23 0.96 
21 1.48 2.22 1.51 1.36 1.87 1.78 1.93 1.76 1.37 0.89 1.00  
22 1.14 1.85 2.90 2.46 1.71 2.57 2.40 1.47 3.55 2.10 2.80 2.25 
23 2.12 1.84 1.30 1.71 2.02 2.40 1.77  1.24  1.73 1.50 
24 2.14 2.04 1.63 1.88 1.66 1.75 1.38 1.98 3.63 1.93 1.69 3.24 
25 1.83 1.76 2.52 1.62 1.95 1.54 1.32 2.18 1.47  3.16 2.45 
26 2.00 1.78 1.16 1.63 1.22  1.34 2.08 2.38   1.71 
27 1.84 1.54 2.77 2.26 1.29 1.72   1.02 1.68 2.51 1.51 
28 2.12 1.85 1.82  1.72 3.06 1.50 2.00 2.11  1.95 1.48 
29 2.02  2.62  2.36 2.13 1.24    1.59 2.37 
30 1.96  1.60 2.37 1.52 1.84 1.53    1.38  
31 1.68  1.32  2.60  2.35 2.18  1.36  2.28 
N 101 129 133 111 93 71 71 46 57 56 59 71 
Mean 2.06 1.91 1.97 2.02 1.92 1.94 1.78 1.84 1.91 1.97 2.03 2.14 
STD 0.43 0.24 0.50 0.60 0.50 0.63 0.58 0.53 0.82 0.69 0.56 0.79 
Min 1.14 1.46 1.16 0.74 0.85 0.89 0.79 1.02 1.02 0.89 1.00 0.93 
Max 3.37 2.62 2.93 3.91 3.11 3.12 2.93 3.78 3.63 3.90 3.16 3.70 
 
Long term daily average values of β  in Kuala Lumpur, Malaysia between 1998 and 
2007 are listed in Table 6.3. These values vary from 0.03 to 0.39, with the minimum 
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value in November and maximum in July, and were calculated on the same basis as 
the figures in table 6.2. 
 
Table 6.3: Daily mean of β  values during the clear sky and an air-mass between 1.2 and 
2.2 in Kuala Lumpur, Malaysia accumulated between 1998 and 2007. N refers to the total 
number of individual days included in the mean. 
Date Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1 0.08 0.17 0.12 0.17 0.18 0.09 0.19 0.10  0.12 0.10 0.13 
2 0.14 0.22 0.16 0.12 0.17 0.16 0.20  0.22 0.13 0.06 0.15 
3 0.09 0.15 0.13 0.20 0.09 0.20 0.09 0.13 0.11 0.14 0.10 0.14 
4 0.12 0.20 0.13 0.10 0.23 0.12 0.07 0.15 0.06 0.09 0.31 0.21 
5 0.05 0.25 0.07 0.09 0.28 0.08 0.28 0.12 0.05 0.14  0.16 
6 0.04 0.14 0.19 0.16 0.06 0.22 0.10 0.09 0.10 0.15 0.14  
7 0.14 0.12 0.15 0.15 0.09 0.09 0.08 0.09 0.15 0.20 0.22 0.21 
8 0.13 0.08 0.16 0.08 0.12 0.37 0.39 0.15 0.15 0.20 0.14 0.06 
9 0.10  0.12 0.21 0.21 0.08 0.13 0.06 0.15 0.08 0.12 0.23 
10 0.18 0.12 0.13 0.18  0.36 0.21 0.25 0.07 0.15 0.08 0.06 
11 0.10 0.12 0.10 0.12 0.10 0.08 0.14 0.12 0.13 0.20 0.09 0.13 
12 0.14 0.08 0.12 0.15 0.23 0.27 0.19 0.18 0.32 0.16 0.07 0.10 
13 0.14 0.14 0.19 0.09 0.29 0.09 0.17 0.19 0.22 0.07 0.06 0.11 
14 0.21 0.21 0.12 0.11 0.21 0.20 0.08 0.18 0.06   0.25 
15 0.11 0.12 0.15 0.19  0.18 0.22 0.16 0.08 0.18 0.05 0.08 
16 0.11 0.13 0.12 0.17 0.10 0.05 0.06 0.11 0.13 0.21 0.10 0.07 
17 0.11 0.16 0.15 0.18 0.11  0.15  0.09 0.15 0.30  
18 0.16 0.09 0.10 0.19 0.10 0.31 0.08 0.11   0.14 0.13 
19 0.11 0.12 0.17 0.23 0.16 0.30 0.11 0.12 0.17  0.20  
20 0.14 0.12 0.15 0.18 0.19 0.10 0.22 0.16 0.17 0.18 0.10 0.17 
21 0.08 0.09 0.23 0.11 0.18 0.19 0.09 0.14 0.08 0.08 0.07  
22 0.10 0.14 0.23 0.08 0.19 0.05 0.04 0.07 0.11 0.10 0.03 0.26 
23 0.24 0.16 0.18 0.19 0.12 0.05 0.16  0.11  0.21 0.29 
24 0.09 0.11 0.21 0.17 0.04 0.22 0.19 0.14 0.21 0.14 0.22 0.10 
25 0.14 0.14 0.17 0.13 0.13 0.06 0.25 0.11 0.14  0.07 0.17 
26 0.10 0.18 0.06 0.23 0.05  0.10 0.12 0.16   0.15 
27 0.16 0.18 0.18 0.11 0.13 0.25   0.05 0.18 0.15 0.14 
28 0.11 0.16 0.17  0.06 0.13 0.12 0.15 0.13  0.14 0.17 
29 0.13  0.32  0.21 0.19 0.26    0.09 0.09 
30 0.13  0.16 0.18 0.16 0.19 0.10    0.08  
31 0.19  0.08  0.18  0.06 0.13  0.08  0.07 
N 101 129 133 111 93 71 71 46 57 56 59 71 
Mean 0.12 0.14 0.15 0.15 0.15 0.17 0.15 0.13 0.13 0.14 0.13 0.15 
STD 0.04 0.04 0.05 0.04 0.07 0.09 0.08 0.04 0.06 0.04 0.07 0.06 
Min 0.04 0.08 0.06 0.08 0.04 0.05 0.04 0.06 0.05 0.07 0.03 0.06 
Max 0.24 0.25 0.32 0.23 0.29 0.37 0.39 0.25 0.32 0.21 0.31 0.29 
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Figure 6.11: Variation of monthly mean value of α  and β  ( α  blue, β  pink) for clear sky 
conditions and an air-mass between 1.2 and 2.2 from 1998 to 2007 in Malaysia. 
 
It is apparent in Figure 6.11 that there is a pattern in the annual variation in 
Angstrom turbidity. The β  values were higher in June and July, and associated with 
warmer temperatures. The lower β values were at the beginning and end of the year 
during the Monsoon season which produces heavy rains between the months of 
November to February, increasing washout. The α  shows the fine mode particles 
dominate in the aerosol properties over Kuala Lumpur, Malaysia throughout the 
year. Slightly lower values were observed between May to July followed by a small 
increase from August to January, but α  values are fairly consistent throughout the 
year.  
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Summary 
- There is no further analysis for Angstrom parameters from Brewer 
AOD measurement in the UK sites as high numbers of negative values 
of α  were found, assumed due to low signals and stray light, especially 
in a single monochromator. 
- Aerosol particles show a clear domination by fine mode in Kuala 
Lumpur, Malaysia. This domination is probably caused by urban 
pollution, mainly from road traffic, industrial and anthropogenic 
activities. 
- The values of β  are higher in the morning and the end of the day, 
reaching a peak at 0100 UTC (0900 local time) due to traffic in the rush 
hour. In contrast, the α  values were lower in the morning and evening 
hours.   
- The β  values were higher in June and July, and associated with 
warmer temperatures. The lower β values were at the beginning and 
end of the year during the Monsoon season. 
  
It is clear that the Brewer has limited value in terms of deriving aerosol 
properties ( α , β ). Its small wavelength range and the problems of stray-light 
and low signals caused by the shape of the spectrum in the UVB waveband 
mean that uncertainties are often too large for meaningful analysis of the data. 
Where SZA are small and there are frequent clear skies (as in Malaysia) 
uncertainties are smaller and the results are sensible. At higher latitudes in the 
UK, with larger SZA and limited clear sky data to analyse, it has not been 
possible to derive aerosol parameters in any meaningful way. 
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This situation maybe improved by extending the wavelength range of the 
Brewer. The Mk III double Brewer already extends to 363nm for UV 
measurements, but these are made through a different input optic as global 
UV, not direct beam. If a direct measurement was made in the same way as for 
the wavelengths used in the ozone calculation then a much larger wavelength 
range would be available for the Volz Method, and the longer wavelengths also 
avoid the worst problems of stray-light and signal to noise ratio.  
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7 Conclusions and Recommendations 
Aerosol effects are one of the major uncertainties in assessing global climate 
change, ecosystem processes and human health. This is because they have radiative 
effects which can be both direct, as a result of absorption and scattering processes, 
or indirect, as aerosols act as cloud condensation nuclei (CCN) and change the 
microphysics of clouds.  Knowing the concentration of aerosols enhances a better 
understand of clouds in Earth’s atmosphere. For example, as an increased number of 
cloud droplets results from increased numbers of aerosol particles. This makes the 
cloud more reflective, and also enhances cloud lifetime, changing the radiative 
effects of the cloud and hence influencing the Earth’s radiative balance. Larger 
particles are more efficient CCN, therefore knowing something about the size 
distribution is also important to a certain extent this is provided by the Angstrom 
exponents ( )βα, . Ground based measurements of AOD are limited, and mainly 
available at visible wavelengths. Satellite retrievals of aerosol properties could 
provide a global view, but currently need further development to be reliable. Thus 
identifying the possibility of a further routine source of ground based aerosol data, 
in this case at UV wavelengths, is a major benefit in improving/validating satellite 
retrievals (and hence a further increase in data in the future). It will also be of 
tremendous benefit for global climate modelling where a lack of knowledge of 
atmospheric aerosols is one of the greatest weaknesses in climate prediction.  
 
The Brewer spectrophotometer was designed for unattended column ozone 
measurements. This is achieved by tracking the sun and making direct sun 
measurements at a series of discrete UV wavelengths, or in the event of no direct 
sun measuring the same wavelengths while viewing the zenith sky. The principle of 
Chapter 7                                                            Conclusions and Recommendations 
 215 
 
differential optical absorption spectrometry is used to determine column ozone 
through rationing the wavelengths that are more, or less, absorbed by ozone. No 
absolute radiation calibration is required for this process, but the instruments are 
calibrated against a standard Brewer, during which standard weighting functions 
that revert to a primary calibration of the standard instrument are used. In addition to 
ozone, the Brewer has the potential to measure other atmospheric parameters e.g. 
sulphur dioxide by a similar DOAS technique, or aerosol optical depth calculated as 
a residual of other atmospheric attenuators. Alternatively the instrument could be 
calibrated for absolute direct radiation measurements, but that task is outside the 
scope of this thesis which has explored the limitations of the Brewer using normal 
operational techniques and software. The Brewer is widely accepted for ozone 
measurement: this work has concentrated on the less common measurement of AOD 
at UV wavelengths. 
 
Since the AOD is retrieved as the residual of other UV attenuators, small 
uncertainties in ozone or SO2 can lead to large uncertainties in AOD. The first task 
was thus to explore whether improvements could be made to all measurements by 
using instrument specific weighting functions instead of standard weighting 
functions. While this had the effect of a minor repartitioning of attenuation between 
ozone and SO2, the effect on AOD retrieval was negligible since total attenuation 
remained the same. During this process an error was identified in the commercial 
Brewer software for AOD retrieval, and this was corrected. Standard weighting 
functions were deemed suitable for AOD retrieval which enabled raw data (B files) 
from several Brewers to be used to calculate AOD. In this way AOD was retrieved 
from instruments operating in Reading and Manchester, UK, and Kuala Lumpur, 
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Malaysia, enabling a comparison not only of different climate regions but also of the 
limitations to good AOD retrieval. 
 
 Brewer AOD was determined in Manchester (2000-2008), Reading (2003-2008), 
and Malaysia (1998-2007) by using standard weighing functions. Since AOD 
measurements by this technique require a cloudless sky, or at a minimum a cloud-
free view of the sun for the duration of the measurement, data were first pre-selected 
by applying three conditions; a clear sky day determined by using the plot of 
individual DS measurements at 320nm versus time during the course of the day, 
which is represented by the smooth parabolic curve, comparison of ozone and 
sulphur dioxide from the Brewer with the Brewer software criteria for acceptable 
direct sun data, and limitation of air mass for each site. The strict air mass limit 
applied to the tropical site had to be relaxed for the UK as the sun does not reach the 
same elevations as in the Tropics, and for large parts of the year is always relatively 
low in the sky. It was found that the variation of AOD values was seasonal for the 
UK with the winter months giving lower values compared to those in summer 
months, whereas those in Malaysia were relatively constant throughout the year. 
Diurnal trends were site dependent and could be explained by the local environment. 
No site showed any significant long term trend in AOD over the period of analysis. 
Kuala Lumpur, Malaysia gave the highest average AOD values due to it being a 
developing city. 
 
In principle, knowing the AOD at a number of wavelengths, as is the case with the 
Brewer, enables the Angstrom parameters to be calculated, providing additional 
information about the aerosol. The Brewer wavelengths are, however, spread over a 
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very limited range, which reduces the confidence in deriving the Angstrom 
parameters. This is particularly so when the data at the shortest wavelengths is in 
doubt anyway, as is the case for the Reading data in particular and much of the UK 
data in general. This is because at large air masses the UV signal at short 
wavelengths is very low anyway. Added to this the single monochromator 
instruments (as at Reading) are the most susceptible to stray light problems, which 
further reduces confidence in the shorter wavelength data, thus reducing what was 
anyway a very narrow waveband range even further. After attempting to determine 
Angstrom parameters for all sites it became apparent that useful data were only 
available on a regular basis from the tropical site. 
 
For further analysis, Angstrom parameters ( )βα,  were calculated in Malaysia for 
high intensity direct sun measurement (air mass < 2.2) and truly cloud free 
conditions. As mentioned in the literature review, there is a relationship between α  
and aerosol size distribution. Values of 2≥α  indicating relatively small particles 
are dominated by fine mode aerosols (radii ≤ 0.5 mµ ) that are usually associated 
with urban pollution and biomass burning. In contrast, smaller α  ( )1≤  approaching 
0 suggest very large particles dominated by coarse mode aerosols (radii ≥ 0.5 mµ ) 
that are typically associated with dust and sea salt [Angstrom, 1929; Eck et al., 
1999]. It was found that the frequency distribution of α  is much higher for intervals 
of 2.0-2.5 at 21.66%, while the small α  bins (those < 1.0) each have a frequency 
<5%. Consequently, aerosol particles show a clear domination by fine mode. This 
domination is probably caused by urban pollution, mainly from road traffic, 
industrial and anthropogenic activities. The data are supported in a qualitative sense 
by other aerosol information from the region. 
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At the UK sites many individual analyses produced negative values of alpha for the 
UV which, while also reported in the literature, are difficult to reconcile with a 
physical explanation. Given the limited clear sky occasions, and the large air masses 
during much of the year, it was not deemed possible to reliably retrieve aerosol 
parameters from the Brewer in these conditions. 
 
Recommendations 
For future research, the absolute direct sun measurement should be undertaken as 
the Brewer uses direct sun measurements to produce ozone and sulphur dioxide 
using a series of ratios, whilst not requiring absolute calibration of the direct sun 
spectrum. In order to obtain the Angstrom parameter, extension of the direct sun 
wavelength range of the Brewer is required where low signal to noise is monitored. 
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